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ABSTRACT
Wave driven pressure variations in reef porewater were used to investigate 
the physical processes that affect early marine carbonate cementation in a  bank- 
barrier reef. Cores taken along a  transect, and porewater geochemistry sam pled from 
wells were used to characterize sedim entary and geochemical environments. The 
cores show an Acropora palmata framework with a patchily cem ented sandy matrix 
com poses the forereef and reef crest, with dominantly loose sedim ents in the 
backreef. Hydraulic conductivities a re  approximately 1x1 O'4 m/s.
The wave climate is m oderate, with up to 75 % wave height attenuation across 
the reef crest. Porewater p ressure  variations correspond to surface waveforms, and 
are attenuated with increasing depth. Hydraulic head gradients are approximately 
0.01. The resulting instantaneous porew ater velocities are about 1x10*6 m/s. Time 
series of pressure variations su g g est flow is dominantly oscillatory, with no apparen t 
net motion.
Shallow reef porewater is well oxygenated and supersaturated for aragonite or 
Mg-calcite. Deeper porewater becom es nearly anoxic, with som e sulfate reduction, 
both due to biological respiration. A corresponding decrease in pH causes carbonate 
saturation values also to decrease , limiting the potential for cementation to the 
shallow reef surface. Oxide and sulfide coatings on sedim ents are thought to reflect 
porewater redox conditions. The distribution of coatings suggests deeper porew ater 
exchange in the forereef and reef crest than in the backreef.
Modeling of symmetrical and  asymmetrical linear wave motion suggests net 
advective transport is negligible. Instead, mechanical dispersion is believed to 
dominate porewater exchange p ro cesses . Gradients from wave generated setup, tides 
and infragravity waves also drive porew ater circulation, and may contribute to 
porewater exchange.
v i
Typical early marine carbonate cements are present throughout the reef, 
although more abundant in the forereef and reef crest, especially intergranular, 
sediment binding Mg-calcite cements. The abundance of cements in the shallow reef 
apparently reflects a  greater intensity of wave driven porewater exchange with 
supersaturated seaw ater. Minor occurrences of cathodoluminescent cements were 
observed, apparently precipitated in the anoxic zone. The resulting pattern of early 
marine carbonate cementation in the reef directly reflects oceanographic conditions 
as  a fundamental control on cement distribution, with biological activity and 
sedimentation as additional influences.
CHAPTER ONE: INTRODUCTION
Surface wave conditions, active porewater flow and porewater geochemical 
conditions are linked with the formation of early m arine carbonate cem ents in reefs. 
Elem ents of these  phenomena were observed during this study on diagenesis within the 
framework and sedim ents of Tague Reef, St. Croix, U.S. Virgin Islands. The purposes of 
this study have been; (1) to evaluate the observed hydrological p rocesses that 
circulate porew ater in a modern reef; (2) to estim ate  the influence of physical 
p ro cesses  and biochemical/geochemical processes on the precipitation of carbonate 
cem ents and other diagenetic phases; and (3) to correlate the diagenetic features 
observed in cored samples with the observed physical and chemical conditions to 
evaluate their actual involvement in cement precipitation.
The processes involved in carbonate d iagenesis are of interest because they may 
prom ote the early cementation and porosity destruction of reef-related sediments, by 
infilling original pore spaces and obscuring or entirely reworking the original 
biological com ponents. These conditions may solidly lithify the reef while it is still in 
the m arine environment. The physical force driving this activity is hypothesized to be 
the persistent movement of w aves over the reef surface, transporting porewater into 
the reef, carrying the constituents necessary for cem entation to lake place.
Subm arine carbonate cementation in shallow w ater coral reefs may have been 
observed  as early as 1842 when Charles Darwin (1842) wrote about corals he 
observed  w ashed up on a coral-atoll beach:
"the structure of the c o ra l... has generally been much obscured by the 
infiltration of spathose [sparry] calcareous matter; ... [to] where it was 
impossible to discover ... any trace of organic structure.".
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Many recent studies have since documented this phenomenon in the Caribbean (Land 
and Goreau, 1970, Land and Moore, 1980, MacIntyre et al., 1985), in Panam a 
(MacIntyre, 1977) and Belize (Jam es et al., 1976, MacIntyre, 1984), in the Pacific 
(Marshall and Davies, 1981, Marshall, 1983, 1986) and in the Red S ea  (Friedman et 
al., 1974). Coralline algal ridges on St. Croix and elsewhere in the Caribbean (Adey 
and Burke, 1976, 1977), in Bermuda (Ginsburg and Schroeder 1973) and off the 
coast of Brazil (Jindrich, 1983) also contain marine carbonate cem ents. Common 
observations among these studies are the occurrence of characteristic morphologies of 
aragonite and Mg-calcite cem ent phases (MacIntyre and Marshall, 1988). The genesis 
of these cements is still not well known, however, because many factors are believed 
to affect the stability and kinetics of carbonate precipitation in natural environments. 
These factors are still being studied in the laboratory (Walters, 1984, Bischoff et al., 
1987) and in nature (Morse et al., 1984, Morse, 1985).
Many studies have suggested a  strong relation between the distribution of 
carbonate cements in shallow coral reefs with the amount of exposure to wave driven 
porewater circulation. This relation has been observed along entire platform margins 
(Ginsburg, et ai.t 1967, Jam es et al., 1976, Marshall, 1986) to the seaw ard 
portions of individual reefs (MacIntyre, 1977, Marshall and Davies, 1981, Lighty, 
1985). Many conditions contribute to carbonate cementation, however. These 
conditions include oceanographic forces that drive porewater flow, the capacity for 
flow within the reef and the character of porewater chemical environments.
Oceanographic conditions may control cementation by establishing long term 
energy levels and transport mechanisms for porewater flow (Buddemeier and 
Oberdorfer, 1988). Oceanographic processes include tides, wind w aves and swell 
which interact over a  wide range of temporal scales and energy levels (Roberts,
1980). They also establish lateral energy gradients over reefs due to wave dissipation 
(Roberts et al., 1975, Lugo-Fernandez, 1989). S ea  level history and the accretion
rate of a  reef (Burke et al., 1989, Hubbard et al. 1990) are broad factors that control 
the acce ss  of sedim ents to near-surface conditions (MacIntyre, 1977, Lighty, 1985). 
The permeability of reef sedim ents will affect the vertical com ponent of porewater 
flow. Other physical and biological processes determ ine the characteristics of 
geochem ical environments that promote cementation (Zankl and Multer, 1977, 
S an so n e , 1985, Tribble, 1990).
Interpreting the conditions under which hydrogeological p rocesses control the 
flux of supersaturated marine waters through modern reefs is important for 
understanding the distribution of early marine cementation in ancient reef settings as 
well. For example, Walls and Burrowes (1985) investigated diagenetic features in 
reefs of Devonian Age platforms in western Canada. They suggested that early marine 
cementation occurred predominantly in those reefs most exposed to open marine 
conditions during their formation.
Background
Hydrogeology: Adey and Burke (1976, 1977) and Hubbard (1989) have
proposed that the form and fauna of reefs are strongly controlled by prevailing wave 
energy and incidences of storm impacts. The mechanisms of reef framework 
construction, sedim ent infilling and interstitial cem entation determ ine, in turn, the 
basic  permeability characteristics of the reef.
The intensity of porew ater flow is inherently linked to the magnitude and 
pattern of waves and tides across reefs. Wave dissipation across reefs results in large 
lateral potential energy gradients on the reef surface (Roberts et al., 1977, Suheyda 
and Roberts, 1977, Lugo-Fernandez, 1989). Studies have shown that approximately 
80 per cent of wave energy is dissipated over the forereef and reefcrest leaving the 
backreef with a  much diminished wave regime. Theoretical studies of wave energy
transfer to the porewater system have been provided by Putnam, (1949), Reid and 
Kajiura, (1957), Riedl and others, (1972). These studies predict that wave 
generated pressures should drive flow through the seabed surface in phase with the 
wave form, albeit in small volumes.
Buddemeier and Oberdorfer(1988) qualitatively distinguished oceanographic 
forces driving porewater flow as resulting from either sustained or oscillatory 
hydraulic gradients, each with potentially different transport mechanisms. The 
magnitudes of these porewater driving processes are dependent on the particular 
characteristics of the reef and the regional oceanographic setting. Advective flow from 
tidal forces were investigated in a Pacific reef by Buddemeier and Oberdorfer (1986). 
They measured hydraulic conductivities and estimated flow velocities and residence 
times of pore water in Davies reef in the Great Barrier Reef system of Australia.
Their results and those by Parnell (1986) suggested lateral flow velocities in a tide 
dominated reef setting would be on the order of centimeters to meters per day with 
significant vertical mixing. Tribble and others (1988) documented a  storm derived 
salinity excursion event in a patch reef in Hawaii. They derived porewater exchange 
rates for the top few meters of the reef, interpreted to be due to wave forcing, to be on 
the order of a few days.
Geochemistry: The geochemical mechanisms that promote cementation are not 
fully understood (MacIntyre, 1984, Morse, 1985). However, the high 
supersaturation state of aragonite and Mg-calcite in seawater suggests that simple 
physical-chemical precipitation of cem ents must be important (Bischoff et al.,
1987). In addition, several recent studies have discovered significant geochemical 
gradients in reef porewaters, including diminished oxygen concentrations and pH 
levels but with higher alkalinities deeper within the reef (Zankl and Multer, 1977, 
Sansone, 1985, Sansone et al., 1988, Carter et al., 1987 and 1988, Tribble, 1990). 
They suggest these conditions decrease the saturation state of carbonate minerals in the
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porewater. The studies have indicated therefore, that the potential for cementation 
may be limited to the near surface of the reef. Alternatively, Pigott and Land (1986) 
suggested that increased alkalinities from biological sulfate reduction may actually 
enhance reef cementation.
Petrography: The inferences drawn from hydrogeologic and geochemical 
processes may be placed in the context of a  wide body of observations of early 
submarine cementation referred to above. These observations occur over a  wide 
geographic range from the Caribbean/Atlantic to the Pacific. The mineralogies and 
morphologies of early marine cem ents are well docum ented (MacIntyre and Marshall, 
1988, Moore, 1989). The timing of these cem ents are less well known, however. 
Diagenetic processes that control cementation are still largely conjectural (Moore and 
Land 1980, MacIntyre, 1984, Morse, 1985, Givens and Wilkenson 1985, Walters, 
1984). Some of the conditions that are thought to control cementation include 
substrate  mineralogy, carbonate saturation state, precipitation kinetics and chemical 
poisoning or enhancem ent by other organic or inorganic ions or coatings.
Approach
A description of the major sedimentary components is presented in Chapter 2, 
leading to an interpretation of the depositional history of the reef. The depositional 
fabric of the sedim ents probably plays a  major role on defining the distribution of 
porewater environments of the r e e f . The carbonate cem ents are described next, with 
inferences on when they may have formed and under what environmental conditions. 
The chapter finishes with a discussion the character of the reef a s  a porous medium. 
The physical structures of the reef establish the capacity to transmit porewater flow. 
These properties and the porewater composition control the potential behavior of the 
reef in response to pressure variations.
C hapter 3 p resen ts observations of the hydrogeological and geochem ical 
conditions of the surface w aters of the reef and its porew aters. W ave forces impinging 
on the reef surface are described, with high frequency wind w aves a s  the primary 
focus. An analysis of in situ porew ater p ressu res  and  the estim ated flow in response  to 
surface forces follows. This chap ter also introduces observations on the  distribution 
of porew ater chemical constituents. T hese are  used to evaluate the efficiency of 
advective porew ater flux and how biological respiration affects the redox conditions of 
the porewater. T hese conditions are further investigated to determ ine the effect on 
therm odynam ic controls over carbonate  precipitation.
Although the field hydrogeological data  revealed the magnitude of porewater 
flow in particular locations, the data  were limited in the detail n ecessary  to reveal net 
porew ater flow. Numerical modeling of oscillatory w ave motion and sustained 
p ressu re  gradients w ere performed in C hapter 4 to investigate som e likely 
m echanism s. The m echanism s that were investigated included particle motion by 
waves, m echanical dispersion, sustained wave setup gradients and non-Darcian conduit 
flow.
The ultimate aim of this study is to reveal connections betw een hydrogeological 
and geochem ical p rocesses active within the reef and reef-related marine carbonate 
cem ents. T hese  cem ents were correlated with observed porew ater flow variability and 
geochem ical conditions in Chapter 5 to discover if they could be identified a s  
precipitated in specific diagenetic environments. Finally, Tague Reef conditions are 
com pared with observed cem entation or hydrogeological studies in other settings.
Setting
Tague reef extends along the northeast side of the island of S t .Croix, U.S. Virgin 
Islands (Figure 1.1) (Lat. 17° 4 0 'N , 64° 36’ W Longitude). The island em erges
N 26.5 ° 64°50' 6 4°40'
CARIBBEAN SEA
6 4 °3  0
Tf»50’V
Chrlst lansted
ik s t e c
D epth In m e te r s
1 7°40
Figure 1.1 The s tudy  s i t e  1s on the  nor th s ide  of the Island of  St .  Croix.
It  Is part  of an e x t e n s i v e  s y s t e m  of b a n k -b a r r l e r  and fr inging r e e f s  a long 
the windward ( e a s t e r n )  por t ion  of  the Island. A large submar ine  
platform ex tends  e a s t w a r d  from the end of the Island. A wind  rose  
diagram In the l o w e r  r i g h t  c o rn e r  shows the dominant  wind d i r e c t i o n s .
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from an elongate platform, 80 km by 15 km wide. The bedrock of the platform is 
composed of densely lithified Cretaceous sedimentary and igneous rocks (Whetton, 
1966, Speed and Joyce, 1989). The submarine portion of the bank is approximately 
20 to 30 meters deep and exists a s  a  narrow fringe on the northwest, west and 
southeast portion of the island and extends 3 to 4 km beyond the island to the northeast 
and up to about 15 km to the east. Bank barrier and fringing reefs adjacent to the 
island are well developed on the eastern half of the island but disappear to the west, 
replaced by sand accumulations or bare pavem ent (Adey and Burke, 1976). Rare algal 
ridges occur among coral reefs on both the north and south sides of the very eastern tip 
of the island.
Tague Reef is an approximately 6 km long bank-barrier reef (Adey, 1975) 
with a  5 m deep lagoon behind it, typically about 500 m wide (Figure 1.2). The reef 
is here divided into zones based on bathymetry, aspect to the open sea  and relationship 
to breaking waves (Figure 1.3). The cross-section of the reef presented in Figure 1.3 
shows that the slope of the forereef surface rises steeply from 11 m depth to a sharp 
break in slope at about 6 m. The forereef surface slopes more gently to the reefcrest 
where it flattens out at about 1 m deep. The backreef is characteristically a i m  deep 
platform until it abruptly slopes down to the lagoon floor.
St. Croix is exposed to a tropical climate with predominant easterly 
tradewinds. Because the eastern end of the island receives only about 76 cm of rain 
per year (Lugo-Fernandez, 1989), with much of it in a few brief storms, there are 
no permanent streams flowing into Tague Bay. Only a weak groundwater discharge 
system is developed in this portion of the island (Ivan Gill, pers. comm.).
Wave energy is considered m oderate to high as classified by Hubbard (1989) 
relative to the Caribbean region. Wind driven se a  states vary also with the season , 
averaging about 1 m in height, with maximum average sustained heights occuring in 
the winter months and lows in the spring and fall (Hubbard, 1989).
12 
nr.
Figure 1.2. Oblique aer ia l  v i e w  of  Tague Reef,  facing  ea s t w a rd ,  
w it h  the s tud y  s i t e  In the  near foreground. Buck is land Channel Is 
to the north ( l e f t ) ,  cont inuous w i t h  the open p la tform to the  east .
j:| R e e f c r e s tj Forereef Backreef Lagoon
Slope
10  m
P l e i s t o c e n e  ^
Figure 1.3. C r o s s - s e c t i o n a l  v i ew  ac r o ss  Tague Reef  showing  morphologica l  
zonatlon.
CHAPTER TWO: SEDIMENTARY PETROLOGY
2.1 I n t r o d u c t io n
The sedimentary history of the reef has direct importance to the hydrogeology 
of the reef because  it establishes the permeability and porosity characteristics of the 
reef a s  a  medium for porewater flow. The growth form of the reef also exerts control 
on the distribution of surface input forces, because waves are caused  to shoal and 
break across the shallow portion of the reef. The historical development of the reef 
controls the duration of hydrogeological effects. Specifically, the surface accretion 
rate at any location determines the amount of time that those sediments are exposed to 
near surface conditions. As the reef form evolves and relative sealevels change, the 
migration of reef morphological zones may influence the surface exchange between 
seaw ater and porewater over time, at any location.
This chapter describes the textures and fabric of the reef sediments and shows 
distribution of major sedimentary components. These observations allow an 
interpretation of the depositional history, and its possible influence on diagenesis 
within the reef. A discussion of the the carbonate cem ents of the reef follows, with 
inferences on their historical development. Hydrogeological characteristics of the 
reef, which determine the porewater flow capacity, are described a t the end of the 
chapter.
Methods
The petrographic characteristics of the reef were derived from an inspection 
of the surface and core samples. Sediment cores were obtained using a submersible, 
hydraulically driven coring rig (Figure 2.1.1). Cores were taken in seven sites that 
were chosen along a transect from the floor of the shelf in front of the reef, across the 
reef and into the lagoon (Figure 2.1.2). At each site a  group of two to four cores were
1 0
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Figure 2 .1 .1 ' Advancing a borehole on the forereef with 
a hydraulic p o w e r e d  drill s u s p e n d e d  from a tripod.
gl* FR Sl op# -• V ’* * * * ■ *****
I u  v t ;
■?\ (I I sTB-n.ii '-;;- '':W. ;>
}.■'■ /I' . ' - '-y.:.
Sk*. J 1 F O R E R E E lf . : :  S V ! ........................
M 3  -v.; ̂  AGUE
^.REER-:.;(KHVisuiaS--. An* •• • • ■ ■
z / 3 0 rn ‘ '
) T B - 1,2 , 3 '
BA CK REEF
B ick ra e r
'♦ '- r - y  .  C h a n n H s
4* 10 ir', stfV-N . ^  1
•»'y'V'V'V'^^NTv^.-______
‘‘ LAGOON ia
Figure 2.1 .2  Map view of th e  tran sec t  area  showing  
th e  location o f  the borings installed in th e  reef.
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taken, each usually 1 to 2 m deep, but a few were up to 5 m deep. The drill operated 
with a  double walled coring barrel and diamond imbedded bits that provided 2 M 
diameter cores. The coring rig was able to successfully retrieve core pieces ranging 
from a  few inches to over 10 inches long with the upper and lower surfaces intact.
Larger pebble sized sediments were also recovered but sand sized material was rarely 
retained. Surface sam ples from the upper 30 cm of the reef surface were excavated 
at the coring sites and other selected locations along the transect.
Wells were installed in the boreholes in the reef. The wells were constructed 
of two inch diameter PVC pipe with an open bottom and slotted sides (Figure 2.1.3,
Appendix A). The well annulus was backfilled with coarse sand over the open screen 
and fine sand to near the surface of the reef. Concrete was used to seal the well 
annulus at the reef surface. Boring depths and screen depths are summarized in Table 
2 .1 . 1 .
Microscopic observations were made on thinsections cut from core pieces and 
impregnated with blue-dyed epoxy resin. The sections were studied using a standard 
petrographic microscope for a qualitative description of original components and 
diagenetic features. The thinsections were not point-counted due to the extremely 
unequal distribution of diagenetic features even within single core pieces, with 
diagenetic phases often present only on the margins. Thinsections were also observed 
for cathodoluminescence to look for indications of m anganese (Mn) and iron (Fe) in 
trace quantities in carbonate cements. The presence of these might indicate that the 
cem ents were precipitated in the anoxic zone (Walter, 1984).
A Scanning Electron Microscope with an Energy Dispersive Spectrophotometer 
(SEM /  EDS) w as used to identify and distinguish cem ent mineralogies. The 
Backscattered Electron (BSE) function of the SEM w as found to be very useful in 
distinguishing between intermingled aragonite and Mg-calcite due to the slight 
difference in molecular weight between the two minerals.
Table 2.1.1 Boring and Monitor Well Dimensions.
SITE W ate r B oring Wall Screen
B o rin a D apth  (m) D epth (m) Dapth (m)
Ore
TB1 1.1 4.88 1.20
TB2 1.1 2.00 0.45
TB3 1.1 1.10 0.82
Two
TB4 1.2 1.38 0.97
TB5 1.2 2 .30 0.90
TB6 1.2 0.97 0.60
TB7 1.2 0 .97 0.80
Three
TB8 1.2 2.06 1.80
TB9 1.2 1.24 1.00
Four
TB10 5.4 0 .80 0.80
Five
TB11 2.B 0 .86 0.76
TB12 2.8 1.94 1.94
Six
TB13 3.8 1.78 0.90
Seven
TB14 1.4 2.11 2.10
TB15 1.4 1.01 0.79
TB16 1.4 0 .85 0.86
O ther
TB17 1.1 4 .85 Not Meas.
TB13 4.6 8.53 Not Meas.
Cap 2" PVC Casing 
^  Cement  grout
f F i n e  sand pack
w e l l
S c r e e n
Reef Fram ew ork
Coarse  sand  
pack
Figure 2.1.3. Design or the  w e l l s  emplaced  
w ith in  the ree f .
The gross porosity of the reef w as estim ated using coring recovery data and 
logs of the cored materials. The missing sections where cores were not recovered 
were assum ed to be composed of sandy sedim ents. This assum ption was verified in 
shallow cores by visual inspection of the open borehole. Bulk porosity values of the 
cored sedim ents w ere determined by weighing the core p ieces and measuring the 
volume displacem ent of wrapped core  p ieces in water. The density was assum ed to be 
that of the dominant skeletal m aterial. The density of a  50:50 mixture of aragonite 
and Mg-calcite w as used for cem ented sedim ents.
Hydraulic conductivities w ere m easu red  in the field using standard bail tests 
and pump tests  in wells installed in the core borings. See Appendix A for well 
construction and procedural details.
2.2 Sedim entary  Components
Reef sedim ents and diagenetic features are  reported from in 18 cores at 9 
sites in a transect across the reef trend, primarily within the upper two meters of 
the reef. In addition, observations from over 20 surface sites are  reported. A cross- 
section of the reef is constructed using th ese  data, with additional data from sediment 
thicknesses on the shelf side and detailed bathymetric m easurem ents of the reef 
su rface (Figure 2.2.1).
Reef com ponents may be  divided into categories of primary reef framework, 
borings and encrustations, reef detrital sed im ents and diagenetic features. Individual 
core descriptions are presented in P lates 1-18 in Appendix B.
Original framework: The reef framework is predominantly composed of 
fragm ents from the corals Acropora paim ata  with Montastrea annularis and Diploria 
spp. and the hydrozoan Millipora spp. The corals produce the single most abundant 













P l e i s t o c e n e
Figure 2.2.1.  L ocat ions  and depths  of  c o r e s  taken from Tague Reef.
16
Boring and encrusting modifiers: Boring o rgan ism s commonly include large 
and  small pelecypods and worms that drill straight tunnels through solid coral 
fragm ents with tunnel diam eters from a  mm to over a  cm. T hese  borings provide 
large conduits for porewater flow. Clionid sp o n g es  bore clusters of irregular 
cham bers, each  cham ber a few mm in diameter. T h ese  borings usually occur on the 
bottom side of larger fragments.
A num ber of organism s encrust surfaces on the reef, including coralline algae 
(tops and s id es  of fragments), encrusting foraminifera, especially Homotrema 
rubrum  (bottoms of fragments) and a variety of m olluscs and worms (generally on 
the bottom s of fragments). The mollusc and worm tubes also provide exceptional 
conduits for porew ater flow.
R eef detrital sediments. The sedim ents in the matrix of the framework are 
typically coarse  bioclastic sands. These deposits a re  found in pockets ranging in size 
from a few cm to a  meter in diameter. The sedim entary matrix becom es finer grained 
toward the backreef. On the forereef slope the matrix betw een coral rubble is a 
muddy sand to mud texture. Within the coral fragm ents and sm aller sedim entary 
p o res, a  much finer sedim ent is usually found. This "internal sedim ent" consists of 
abundan t silt size detrital grains produced by the boring action of sponges (Moore and 
S hedd , 1977) plus other detrital or organic silt and  clay size carbonate grains. 
Muddy sedim ents frequently exhibit several genera tions of borings or burrows and 
infill, often with geopetal structures.
Reef Surface Materials  
The bank floor in front of the reef is co v ered  primarily with symmetrically 
rippled san d  with occasional gorgonians, soft corals an d  occasional meter sized 
grow ths of head  and encrusting stoney corals, predom inantly Montastrea annularis 
and  Agaricia spp with scattered Acropora cervicomis . A sedim ent cover of about 1 m
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thickness overlies pre-Holocene, lithified carbonate sediments, based  on sediment 
probings during this study and borings by Burke, et al„ (1989). Sedim ents are 
composed of coarse, detrita! carbonate skeletal sands and coral rubble.
Coral growth on the forereef slope is limited to about 10% or less surface 
cover of various encrusting corals, dominated by Agaricia spp. About meter diameter 
patches of branching Pontes spp. are common at the slope break. The surface 
materials are com posed of very loosely consolidated, very poorly sorted coral 
fragments ranging in size from sand and gravel to fragments tens of centimeters in 
length. The matrix between these fragments is composed of fine sand  and mud. The 
sediments in the reef are essentially entirely carbonate with minor admixtures of 
silica from sponge spicules and perhaps some wind blown silicate grains. Large 
Acropora palmata fragments, including whole dead colonies are commonly found 
deposited on the slope although the species does not inhabit the slope at the present 
time. These large fragments are apparently transported over and down the slope 
break during intense storms (Rogers et al., 1982). There are no apparent spur and 
groove features developed in this portion of the reef.
The shallow forereef platform has a cover of 20-50 % live coral including 
large Acropora palmata colonies (Figure 2.2.2) and smaller, less common head and 
encrusting corals such as Montastrea annularis, Porites astreoides and Agaricia spp.
A large percentage of dead Acropora palmata colonies are still standing, killed during 
a  recent outbreak of white band disease (Gladfelter, 1982). The surface of the reef is 
a  firmly consolidated pavement made up of coarse coral fragments, dominantly 10-40 
cm pieces of Acropora palmata (Figure 2.2.3), bound by encrusting corals and algae, 
with a matrix of fine to coarse sand.
The reef crest is a shallow zone of very dense coral growth with occasional, 
tortuous one to two meter wide channels cutting through to the backreef. Acropora 
palmata, Acropora prolifera and large colonies of Diploria strigosa are the most
1 8
Figure 2.2.2. Forereef zone: Acropora palmata coral growth on the forereef. 
Individual colonies are 1 to 2 m in height.
Figure 2.2.3. Acropora palmata fragm ents composing the surface of the forereef. 
Encrustation and cem entation of these fragm ents forms a  durable pavem ent. 
The field of view is approximately 1 m wide.
Figure 2.2.4. Reef crest zone: Millipora spp. encrusting Acropora stands on the reef 
crest. The reef surface is a  firm pavem ent of encrusted and cem ented reef 
rubble. The water depth in the photo is about 1 m.
Figure 2.2.5. Backreef zone: This zone is characterized by scattered head corals
growing on loose reef rubble with a  sandy matrix. The Diploria strigosa h ead  
in the center of the photo is approximately 0.5 m tall.
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common corals here with the hydrozoan Millipora an equally common encrusting and 
branching organism (Figure 2.2.4). Millipora may be, at p resen t the most prolific 
carbonate secreting organism in this zone, particularly since the recent decline of the 
acroporids. The reef surface here is similar to the pavem ent of the forereef, 
consisting of encrusted large coral fragments and  encrusting corals with a  matrix of 
coarse sand.
The backreef in the immediate study a rea  has a  10-20% live coral cover 
arranged in fairly well defined linear accumulations orthogonal to the long axes of the 
reef and approaching waves, and separated by bare-sedim ent surfaced channels a fe« 
to ten meters wide. The corals are an unevenly distributed mixture of Acropora 
palmata, Acropora prolifera, Diploria strigosa and  clivosa, Montastrea spp. and 
Porites spp (Figure 2.2.5). The reef surface is a  loose accumulation of sand and 
coarser rubble.
The lagoon floor near the reef is composed of unconsolidated, highly 
bioturbated and burrowed sand  with little plant cover. C alianassid shrimp-type 
burrows are abundant and occupy essentially the entire area  close to the reef with 
thalassia sea  grass "meadows" occupying the deeper portion of the lagoon floor.
Cored Sedimentary Components
Core recovery data and the contributions of major sedimentary components to 
the reef are presented in Table 2.2.1. Recovery of cored intervals was best in the 
reef crest and forereef with between 30 to 55% recovered as core materials. 
Individual forereef and reef crest cores are illustrated in Figure 2.2.6 of cores TE-8 
and TB-14, and in Figure 2.2.7 of core TB-12. In contrast, core recovery in the 
backreef w as below 25% and as  low as 4% as  shown in cores TB-1 (Figure 2.2.8) 
and TB-5, a s  it was also in the deeper forereef in core TB-10 (Figure 2.2.9). The 
shallow portion of boring TB-1 was an unique exception with a high percentage of
Table 2.2.1 Core Recovery Percentage and Major Components
Core Cemented Total Loose
Length Framework sediment Recovery Sediment Total porosity
Boring # cm % % % % %
BACKREEF
TB 17 4 8 5 4 0 4 96 48
TB 1 Total* 49 0 16 8 24 76 44
TB 2 2 0 0 7 4 11 89 47
TB 3 100 6 0 6 84 48
TB 4 140 13 0 13 87 45
TB 5 227 1 0 4 14 86 46
TB 6 97 19 0 19 81 43
TB 7 97 4 6 10 90 48
Average 10 3 13 8 7 4 6
REEFCREST
TB 8 206 17 12 29 71 43
TB 9 120 26
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29 55 *4 39
TB 14 210 26 46 54 42
TB 15 101 19 32 51 50 42
TB 16 8 5 19 16 35 65 42
Average 20 23 43 57 42
FOREREEF
TB 11 8 6 26 15 41 59 40
TB 12 190 19 13 32 67 42
TB 13 178 13 3 16 74 40
TB 10 75 7 0 7 93 47
Average 16 8 24 73 42
*TB1 upper 200 35 19 54 47 36
2 2
Figure 2.2.6. Cores from the shallow forereef and the reef crest. The top of the core 
is to the upper right, the scale  is in m. Core TB-8 is from site 3 on the lagoon 
side of the reef crest and is com posed mostly of encrusted coral fragments with 
cem ented sediment at 0.25m and 1.25 m. Core TB-14 is from the seaw ard 
side of the reef crest and  contains more cem ented sediment, from 0.35 to 0.80 
m and from 1.0 to 1.8m.
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Figure 2.2.7. Core TB-12 from from site 5 in intermediate depths on the forereef. 
This core displays cem ented sediment at the top with large coral fragments 
containing internal sedim ent and cements deeper in the core. It also has 
m anganese coatings in the upper meter, iron oxide coatings down to about 1.5 
meters, and iron sulfides below.
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Figure 2.2.8. Core TB-1 from site 1 in the backreef, near the lagoon. This core 
contains a  variety of coral types including Diploria (0.25 to 0.40 m), 
Acropora (0.75 to 0.90 m) and Montastrea spp. (1.0 to 1.2 m), typical of 
backreef environments. An unusual accumulation of cem ented sediments 





Figure 2.2.9. Core T0-5 from site 2 exhibits a typical lower recovery percentage in 
the backreef, with few corals and encrusted fragments. Boring TB-10 from 




recovery. A comparison of the major com ponents with respect to total recovery and 
porosity is p resen ted  in Figure 2.2.10.
Framework corals w ere the dominant com ponent in the forereef and c rest. The 
framework is most dominantly com posed  of Acropora palmata fragments with minor 
representatives of other species. In contrast, the composition of TB-1 in the 
backreef is different, with Diploria sp and Montastrea annularis common in addition 
to Acropora palmata. Probably few if any branching coral pieces encountered in the 
cores were in growth position. Acropora palmata  limbs tend to break off at the base  
during storm s (Rogers et at., 1982) or entire colonies may be transported and  
redeposited. Low profile branching corals such a s  Porites spp, or encrusting corals 
were more likely to be found in place. Cored coral pieces were commonly encrusted 
on the top with coralline algae and  foraminifers and the bottom encrusted with 
abundant worms tubes and foraminifers. The top and middle were commonly bored by 
pelecypods or worm tubes and the bottom bored by clionid sponges. The sponge boring 
galleries w ere often filled with internal muddy sedim ents.
Summary. The zone of the most rapidly accreting organisms, Acropora 
palmata and Millipora spp., ap p ears  to be cen tered  on the shallow forereef and  reef 
crest. T hese corals are periodically fragm ented by storm s while continuously under 
attack by borers and grazers, breaking down the coral skeletons into rubble, san d  and 
mud sized particles. The fragm ents fall to the bottom to form a firmly interwoven 
pavement or are dispersed both seaw ard  and lagoonward during intense storms. T hese 
fragments are deposited on the slopes leading downward to deeper water. The debris 
on the forereef slope is mostly large rubble however, and the backreef mostly sand .
On these  shifting substrates encrusting corals, coralline algae and other carbonate 
secreting organism s add to the reef m ass and stabilize the particles in place. Further 
boring and burrowing occurs, creating more pore space  and fine sedim ents to fill 
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Figure 2.2.10. Relationship between core recovery, major sedimentary components, and porosity. 
Porosity Is relatively constant dospile an Increase in recovery, framework and comenled 
sediments In the torereel and reef crest.
■  Framework 




branches with sa n d  in the matrix . The backreef is dominated by loose rubble floating 
in a  sandy sedim ent. The deeper forereef is, in contrast, a deposit of loose larger 
framework and m ore frequent encrusting coral with a  muddy matrix.
Cemented sediments
Well lithified, cem ented  sedim ents occur predominantly in the forereef and 
reef crest. T hese are commonly com posed of pebble sized coral fragm ents with a 
coarse sandy matrix (Figure 2.2.11). The platelike growth habits of Milliporids 
provide the co arse r detritus in the crest area with a distinct flat pebble conglomerate 
fabric. Where they  are found in growth position the plate-like fabric tends to be 
vertically oriented. Other cem ented sedim ents consist of pebble sized  rubble with a 
more thoroughly reworked composition and may also be cem ented with a  finer grained 
matrix (Figure 2.1 .12). TB-1 in the backreef also contains a significant component 
of cem ented coral rubble with a  muddy to sandy matrix.
The spatial relationships of the framework and cem ented sedim ent components 
are illustrated in Figure 2.2.13. The forereef (sites 5,6) and reef c re st sedim ents 
(sites 3, 7) are com posed  dominantly of frame building Acropora coral body 
fragments and cem ented coarse  reef detritus with pockets of loose sand . The deeper 
forereef (site 4) sed im ents contains unconsolidated coral body fragm ents in a  loose 
muddy matrix. The backreef (sites 1,2, and boring 17) is com posed  dominantly of 
unconsolidated sandy sedim ent with scattered coral fragments. The com ponents of the 
rubble within the sedim ent are  com posed of a greater variety of corals including 
branching Acropora and Porites spp plus head and encrusting corals including 
Montastrea annularis and Diploria corals. Very little cem ented sedim ents were found 
except those in the  shallow portion of TB-1.
Figure 2.2.11. Core TB15 contains cem ented coarse bioclastic sediment, with an 
open, porous matrix.
Figure 2.2.12. Core TB12 contains coarse  bioclastic sediments with the matrix 
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Figure 2.2.13. Schematic  di s t r ibu t ion of major  sedimentary  components  and cemented sed im ents  w i th in  Tague Reef.
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Bedrock
The bedrock base  of the reef occurred a t a depth of about 8m below sea  levei in 
the boring installed in the lagoon (TB-18). The sam e surface w as inferred to occur 
at a  depth of about 12 m eters by probing through the sediment on the shelf in front of 
the forereef. This indicates a  steep  slope or bench may occur under the reef, as  was 
also suggested in Burke et al. (1989). The bedrock lithology includes well to 
moderately well lithified carbonate sand  and muddy sands with isolated encrusting 
corals (Diploria sp.). T hese  deposits display dissolution features, rootlike 
structures, "whisker cem ents" and meteoric appearing calcite cem ents. These 
features support the conclusion that the sedim ents were at one time exposed to 
subaerial weathering conditions and meteoric porewaters. Carbon-14 dating 
performed on a  relatively pristine coral gave an age of 28,940 ± 390 BP. The date is 
quite old for the  carbon-14 m ethod and would require verification before any 
substantial inferences could be drawn from it. In addition, if the age were valid, it 
would require sealevel to be rather high for that time period, even  if it related to 
some interstadial high sealevel.
Depositional History
Tague reef is c lassed  a s  a well developed Caribbean bank-barrier reef (Adey 
and Burke, 1976, 1977). It is exposed to moderate levels of wave energy with a 
moderate storm frequency (Hubbard, 1989). Its location and developm ent were 
apparently controlled by bedrock topography and the timing of s e a  level rise, leading 
to its formation from coalescing sand deposits within the last 8000 years as  
illustrated in Figure 2.2.14 (Burke et al, 1989). It apparently developed a s  the sand 
substrate was colonized and stabilized by various encrusting corals. It probably grew 
quickly after Acropora palmata becam e established, coalescing laterally and building 
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Figure 2.2.14. A cross-sectional view of the Tague Reef, approximately 1 km east of the 
study site. The formation of the reef apparently began at a bench-like feature 
developed In the underlying bedrock. The reef probably began growing after 
sealevel rose above the base of the bedrock, approximately 7000 years ago.
(after Burke, et al., 1989).
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overlain by collapsed and encrusted coral framework with a sandy sediment matrix.
This has given rise to a moderate reef permeability but with substantial, stable 
substrates for cements to form on.
Tague Reef presently accretes upward and seaward as coral debris accumulates 
on the forereef and forereef slope. The reef crest zone may migrate seaward over the 
preceding forereef deposits (Burke et al. 1989). This cau ses  the forereef surface to 
have a  short duration of exposure to w ave forced porewater flow until it is buried.
The accretion pattern suggests that if carbonate cem ents form close to the reef 
surface, a s  the reef surface accretes, the zone of cementation will also migrate with 
it.
2.3 C a r b o n a t e  C e m e n t s
The carbonate cements in the reef sedim ents were observed microscopically 
from over 250 thin sections prepared from a detailed survey of core and surface 
sam ple specim ens. Several trends w ere immediately apparent from these 
observations. First, the complete range of cem ent types were observed throughout 
the core material and surface sam ples, even from the shallowest sam ples. Secondly, 
it appears that the reef crest and shallow  forereef were the sites of the greatest 
accumulation of cemented sedim ents a s  indicated from observations of core 
descriptions. In addition, there w as no apparent increase of cem ent volume with 
depth.
Types of cements: The observed range of cement types was typical of cem ents 
described in other coral reef settings (P urser and  Schroeder, 1986, MacIntyre and 
Marshall, 1988, Moore, 1989). The m ost common types included aragonite needles 
in small splays, crusts, or botryoids an d  som etim es as larger lath shaped crystals. 
Mg-calcite bladed crusts form inside skeletal substrates and in thin crusts around
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grains in open voids. Mg-calcite cem ents are common as peloidal structures that are 
frequently thickly overgrown by Mg-calcite bladed crusts, sometimes to the point 
where the peloids were suspended in a translucent crystalline matrix. 
Cathodoluminescent crystalline and  micritic cem ents were also observed and are 
described below.
Occurrence: A very common physical alteration to corals is boring by clionid 
sponges (Moore and Shedd, 197T3. The resulting accumulation of silt size coral chips 
was sometimes enough to fill large voids. Very dark to opaque micrite is common in 
the center of large masses of the translucent chips.
Cements in intraskeletal sites have the widest range of forms and exhibit the 
best crystal development. Aragoniiic needles are found in corals at the reef surface, 
emplaced, perhaps even before the coral was dead. The needles either radiate from a 
small central point or form surface coatings ranging in size from small patches to 
circumvoid crusts up to 100 microns (pm) thick. Rarer forms of aragonite include 
botryoids up to 200 pm in length and patches of larger lath crystals that may fill up 
an entire pore space. Aragonite cem ents are usually irregularly distributed in 
skeletal pores with bare pores nexu to well cem ented pores. Large open shells, such 
as encrusting molluscs or worms may contain thick deposits of aragonitic cements.
Mg-calcite cements also commonly occur in intraskeletal sites. The initial 
precipitates are often in the form of micritic coatings along the walls of skeletal 
chambers. The micrite coatings a re  often overgrown by 50 -100 pm thick, 
isopachous bladed crusts. The thiick crusts less commonly form directly on the 
aragonitic coral skeleton. Bladed crusts also commonly coat the inside surfaces of 
shells of encrusting organisms.
Aragonite and Mg-calcite cem ents often occur together in the same coral, 
although not usually in the same void (Figure 2.3.1). Both may occur in encrusting 
shells but neither are as common in borings. In rare circumstances, Mg-calcite
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Figure 2.3.1. Relationships of aragonite and Mg-calcite cem ents.
a. A thin-section photomicrograph (crossed  polars) of acicular aragonite,
micritic Mg-calcite and bladed Mg-calcite crusts, all precipitated 
within a coral. The thin-section is im pregnated with a blue-dyed 
epoxy.
b. A back-scattered electron image (BSE) of a  portion of 2.3.1 a, showing
aragonite as relatively light toned, Mg-calcite as  an intermediate tone 
and the epoxy as black. Aragonite (ARAG) is precipitated on top of the 
Mg-calcite (HMC) micritic crust, which w as initially deposited 
directly on the coral (COR).
c. Enlargement of a  portion of the right side of photograph 2.3.1a. This area
contains a mixture of aragonite and Mg-calcite cements.
d. A BSE image of the area in photo 2.3.1c. showing a bladed Mg-calcite crust
overgrowing an acicular aragonite crust on the original coral skeleton.
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bladed cem ents may overlie aragonite needle cem ents, or the reverse. A particularly 
well developed example of Mg-calcite overgrowing aragonite from core sam ple TB-8 
is shown in Figure 2.3.1c and d.
Peloidal cem ents most commonly occur in the reef crest and shallow forereef 
but are present throughout the reef. These usually overlie other cem ents if they 
occur together but may occur without cements in skeletal voids or borings. They are 
often coated with a  Mg-calcite bladed cement crust {Figure 2.3.2). They also 
commonly occur in association with void-fill internal sedim ent a s  geopetal deposits in 
borings.
Intergranular cem ents deposited within the sandy sedim ent matrix are less 
well developed than other cem ent occurrences. The intergranular cements were 
usually 1 to 10 pm thick, patchy to isopachous accum ulations of bladed Mg-calcite 
cem ents. Often, the cem ents formed very thin deposits with only the pyramidal 
term inations of the Mg-calcite crystals coating grain surfaces (Figure 2.3.3). There 
w ere no observed  intergranular aragonite cem ents.
A survey of the cores using cathodoluminescence detected a moderately 
lum inescent cem ent. The phase commonly filled in the cell cham bers of coralline 
algae a s  illustrated in Figure 2.3.4. it has also been  observed to form thin cem ent 
coatings o f voids and as deposits of micrite with other internal sedim ents (Figure 
2.3.5). T hese  phases  are almost always observed with dark-brown to nearly opaque 
micrite that includes Fe-sulfide deposits. The lum inescent behavior of the coatings 
w as com pared with cements occurring near Mn-oxide crusts to see  if there w as any 
correlation with Mn-oxide to the luminescence. However, no relationship between 
cem ent lum inescence and Mn-oxide crusts was apparent.
Distribution: A qualitative interpretation of the distribution of the common
cem ent types is displayed from selected cores in Figure 2.3.6. There are no obvious 
trends in the  distribution of cem ent types. All cem ent types occur within the forereef
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Figure 2.3.2. Peloidal Mg-calcite cement.
a. Peloidal Mg-calcite cements deposited in a boring (at the arrow). The
peloids are overgrown by a  bladed Mg-calcite crust.
b. SEM image of peloidal cements and other grains, all overgrown with a  Mg-
calcite crust.
Figure 2.3.3. Intergranular Mg-calcite cement.
a. Intergranular Mg-calcite crusts growing between bioclastic sediments in 
the reef crest. The cement is very thin, yet able to fairly firmly hold 
the sediment together.
b. SEM image of fine sand-sized bioclasts coated with an intergranular Mg- 




Figure 2.3.4. Cathodoluminescent cements.
a. Plain light photomicrograph of TB1-12.
b. Luminescence image of a  cement lining the chambers in an encrusting
foraminifera and in the micrite deposits within the large bioclast on 
the right. The luminescent behavior of the large bioclast is 
unexplained.
c. Plain light photomicrograph of TB1-12.
d. Luminescence image of a  cement lining pores within a coralline algal




Figure 2.3.5. Cathodoluminescent cements.
a. Plain light photomicrograph of TB1-12.
b. Luminescence image showing microcrystalline cem ent deposited in a
boring. The original bioclasts a re  not usually luminescent.
c. Plain light photomicrograph of TB1-12.
d. Luminescence image showing microcrystalline cem ent and sedim ent within
in a boring. The luminescent intensities are particularly bright near 
the very dark micrite on the top of the deposit, and dull within a patch 














•  Thlnsectlon sample points
Fig. 2.3.6. The occurrence of aragonltlc and Mg-calclte cement types across  Tague Reef.
Cores are divided Into 0.5 m Intervals.
vo
5 0
and reef crest and other framework pieces. Although the local occurrence of cem ents 
is heterogeneous, each of the cem ent types occur with similar frequency from the reef 
surface to the bottom of the cored interval and from forereef to backreef.
An exception to this uniform distribution of cement types is the occurrence of 
intergranular cements. These particle binding cements formed in an open pore 
environment and are most commonly found in the shallow forereef and reef crest at 
sites 3, 5 and particularly 7. The cem ent binds coarse coral and millipora rubble 
with a coarse carbonate sand matrix. Locally, the matrix may contain abundant 
muddy internal sediments. The only additional significant occurrence of 
intergranular cements is in the backreef at boring TB-1. There, it occurs in both 
reef rubble and in a clean carbonate sand, (this was the only example of that lithology 
discovered in coring). As described above, the intergranular cements appear to be 
entirely Mg-calcite.
The occurrence of cement per unit volume of reef core is generally related to 
the position in the reef. The primary cause of this relationship appears to be the 
presence of particular substrates, i.e., coral fragments. Therefore, cements are most 
common in the forereef and reef crest, where framework corals are abundant and 
decrease in abundance deeper in the reef and toward the backreef. However, there are 
isolated areas within the backreef with unusually abundant cem ents. The most 
anomalous location is in the shallow, 0.75 to 2.00 m, portion of TB-1 in the 
backreef. The abundance of cem ents there is only partially related to an unusual 
presence of coral substrates. There is also a large section of cemented rubble with 
intergranular cements. It is possible that this is either an isolated case of enhanced 
cementation in the backreef or perhaps a remnant of a former location of the reef 
crest. The ancient reef crest interpretation is supported by the stratigraphic 
concentration of cements in other backreef cores. Although not abundant, the major
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occurrence of cements in a  number of cores at sites 1 and 2 was consistently at about 
the 0.5 to 1.0 meter depth interval.
A final exception to typical cem entation patterns is the occurrence of 
cathodoluminescent cements found only found in deeper core samples. They were 
found primarily within the backreef, particularly in core TB-1 but also in the 
shallow forereef zone in cores such a s  TB-11. The feature that is common between 
the cores is that the luminescent cem ents occur where Fe-sulfides were detected. The 
luminescent phase was found only where coralline algae and micritic internal 
sediments were present. Coralline algae from surface or shallow cores were not 
observed to be luminescent, nor w ere any of the major pore-filling cements 
described above.
2.4 H y d ro g e o lo g ic a l C h a ra c te r is tic s
The nature of the reef a s  a  porous medium is important for evaluating the 
capacity for the reef sediments to allow porewater to flow. These properties include 
the effective porosity, hydraulic conductivity and specific storage capacity. The 
effective porosity of the reef com prises the pores that are large enough and 
sufficiently interconnected to readily allow porewater flow under the available flow 
potentials. The capacity for the porous medium to transmit fluid flow is term ed its 
hydraulic conductivity. It is a  function of the viscosity and density properties of the 
fluid and the shape and arrangem ent of the pores within the sediment. The specific 
storage term characterizes the compressibility of the medium under time varying 
changes of hydraulic head. A special application of the USGS MODFLOW groundwater 
flow model (MacDonald and Harbaugh, 1988) is used to analyze this effect.
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Porosity
The effective porosity of a  reef is generated  by a  complicated interaction 
betw een productive and destructive p rocesses perform ed by both biologic and physical 
agen ts. As a  result, reefs display a  wide range of pore types and porosity values 
(Ginsburg et al., 1973). The effective porosity in T ague R eef is dominantly in the 
form of intergranular voids between sand or pebble sized reef rubble, even when 
cem ented . Shelter porosity under large platelike particles is a  very common form of 
void sp ace  providing safe  living space  for a  variety of encrusters and large conduits 
for porew ater flow. However, flow patterns a re  probably highly irregular around 
large coral body fragments and encrusting corals.
Boring organism s also contribute to porosity developm ent through the 
destruction of fragments and the development of linear or branching holes. These may 
provide highly effective connections to the reef su rface b ecau se  of their design to 
facilitate pumping of seaw ater from above the sedim ent/w ater interface for filter 
feeding.
The destruction of porosity results from cem entation and the deposition of 
internal sedim ents which form a fine-grained infill of pore sp aces. Part of the fine­
grained sedim ent matrix may also be com posed of cem ents (Land and Moore, 1980).
T h ese  m aterials may locally reduce the total porosity from nearly 50 % to almost 
zero .
Porosity developm ent is fairly uniform a c ro ss  Tague Reef with the exception 
of som ew hat lower porosity in the forereef c au se d  by the p resence  of more coral body 
fragm ents (Table 2.4.1). The solid coral framework com ponents recovered from 
co res  am ounted to about 10 % in backreef sedim ents, 20 % in reef crest cores and 16 
%  in forereef cores. Recovered cem ented sedim ents accounted  for less than 3% of 
backreef cores, about 23% of reef crest cores and  8%  of forereef cores. Most of the 
unrecovered volume w as likely to be occupied by co arse  sand  having a  porosity of
Table 2.4.1 M easured Porosty of Selected Core Intervals
Sample Core # Weight Volume EsL % D ensity P o ro sity
(g) (cm 3) Arag:Calc g/cm 3
Framework
TBT-2Oiploria sp. 102.5 9 0 1.00 1.14 0.61
Diplorta sp. T B 1-5 154.8 115 1.00 1.35 0.54
Acropora p. T B 1-6 257.7 160 1.00 1.61 0.45
Acropora p. T B 1-24 106 85 1.00 1.25 0.58
Montastrea a. TB1-B 179 1 4 0 1.00 1.28 0.57
Millipora sp. TB3-1 63.1 55 1.00 1.15 0.61
Millipora sp. T B 7-3 76.1 50 1.00 1.52 0.48
Millipora sp. T B 9 -1 1 2 4 15 1.00 1.60 0.46
Acropora p. T B 11-3 101.8 7 0 1.00 1.45 0.51
Coralline algae BB2-1 156.3 8 0 0.01 1.95 0.28
Coralline algae BB2-4 84.2 5 0 0.01 1.68 0.38
Coralline algae BB3-2 165.1 90 0.01 1.83 0.32
Ave: 0 .48
Modified Skel
Montastrea a. T B 12-8 94.1 7 0 0.5 1.34 0.52
Internal Sedim ent
T B 1 -1 1 374 2 2 0 0.5 1 .70 0.40
TB 1-14 171.4 1 3 0 0.5 1.32 0 .53
TB 2-5 49.1 3 5 0.5 1 .40 0 .50
T B 8 -1 1 66.6 65 0.5 1.02 0.64
T B 9-9 52.3 40 0.5 1.31 0 .54
T B 9-14 70.4 60 0.5 1.17 0 .59
TB11-1 69.1 50 0.5 1 .38 0.51
T B 11-7 113.1 70 0.5 1 .62 0.43
T B 12-2 120 7 5 0.5 1.60 0 .43
T B 12-5 185.2 120 0.5 1 .54 0 .45
Ave: 0 .50
Cemented
Detrital S ed im ent T B 1-19 34.9 20 0.5 1.75 0 .38
T B 14-6 95.9 8 0 0.5 1 .20 0 .58
T B 14-7 101.6 80 0.5 1 .27 0 .55
T B 14-9 119.4 95 0.5 1 .26 0 .5 6
T B 15-3 156.3 8 0 0.5 1 .95 0.31
T B 15-7 139 85 0.5 1 .64 0 .4 2
T B 15-9 104.4 1 0 0 0.5 1 .04 0 .63
Ave: 0 .49
Bedrock: Detrital
Sediment T B 18-3 68.5 50 0.01 1 .37 0 .49
Hess Pliocene
Reef 496 .8 2 3 0 0.01 2 .1 6 0 .2 0
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about 50 %. The coral body framework contributes little to total effective porosity 
because intraskeletal voids are poorly Interconnected. Therefore the total effective 
porosity for the forereef zone is estim ated to be 50% of the nonframework cored 
length or 0.5 x (1.00-0.16)% = 42% , 0.5 x (1.00-0.20)=40%  for the reef crest 
and 0.5 x (1.00-0.10)=45%  for the backreef. Porosity u sed  in analytical or 
numerical m odels is conservatively estim ated to be 30 %. B ased on visual inspection 
of numerous cores and the open borings, the pores have considerable heterogeneity on 
the scale of cm or less but are probably fairly homogeneous on the scale of 10s of cm 
to 10s of m. This heterogeneity is due to the diverse biological and physical-chemical 
agents that build and destroy pores in the reef. For large scale  modelling in the reef, 
the general behavior as  a  porous medium can be considered hom ogeneous and 
isotropic.
Hydraulic conductivity 
The hydraulic conductivity ( K ) of the reef is a m easure of the capacity of the 
porous medium to transmit fluids and is a  function of fluid and rock properties :
K = K p g / ( i
where (k) is the intrinsic permeability of the porous medium, (p) is the density of 
the fluid, (g) is the acceleration of gravity and (p) is the dynamic viscosity of the 
fluid. For this study of Tague reef, K varies a s  a direct function of k b ecause  the 
system consists of pure seaw ater with essentially constant tem perature and salinity, 
and hence viscosity and  density. The intrinsic permeability of a  rock is usually 
considered to be a function of the square of the particle grain size for detrital 
sediments. In this setting, the theoretical k  would have a  less straight-forward 
formation because  of the highly erratic pore shapes common in reef system s. 
Permeabilities for modern reefs tend to be high (Buddemeier and Oberdorfer, 1988) 
because of the high connectivity of pores inherent from (1) the coarse nature of the
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sediments deposited in reefs, (2) extensive borings by infauna, (3) cavities formed 
by the supporting structure of coral skeletons and (4) the removal of fine-grained 
sediment by winnowing due to the usually high ambient wave energy. In high wave 
energy zones or slowly accreting zones, the binding and encrusting nature of many 
reef building organisms and contem poraneous cementation may build a very dense 
pavement. This surface lithification may inhibit vertical water flux across the 
pavement surface both on the forereef (MacIntyre, 1977) or in the backreef 
(Buddemeier and Oberdorfer, 1986) depending on specific locations. Many very high 
energy reefs exhibit backreef lithologies composed of coarse sediments transported 
there during storms (Davies and Marshall, 1981). These sediments are deposited as 
a coarse detrital mantle on preexisting surfaces and comprise a highly permeable 
medium. Conversely, the nature of reefs to act as  wave barriers may allow finer- 
grained sediment to accumulate in the distal backreef (Roberts, 1980) which could 
reduce the original porosity and permeability.
Results. Values for K are listed in Table 2.4.2 for the two methods, described 
in Appendix A, to calculate hydraulic conductivities. The values calculated for 
hydraulic conductivities in Tague Reef ranged from approximately 1 to 5 x 10'4 m/s 
for the Hvorslev method (in Freeze and Cherry, 1979) and the Bouwer and Rice 
(1976) method. The values are equivalent to approximately 10 to 100 darcies, 
similar to values for clean sand to gravel size sedim ents (Freeze and Cherry, 1979). 
There was no apparent areal pattern to K a s  observed in a cross-section reef of the 
reef (Figure 2.4.1) even though different sediment types were encountered between 
the detritus-dominated backreef and the framework-dominated reef crest. Thus 
hydraulic conductivity values were considered to be relatively homogeneous. For the 
purpose of hydrological modeling, these  values were projected to the forereef on the 




Table 2.4.2 Tague Reef Hydraulic Conductivity Values
Well # Test # Depth K in K(2)
(m ) (1 0*4 m / s ) ( 1 0 ' 4m /s )
1 1 0 .3 2 1 .7
1 2 0 .3 2 1 .6
2 1 0 .3 2 1 .8
2 2 0 .3 2 1 .5
3 1 0 .8 2 2 .6 2 .4
3 2 0 .8 2 2 .2 2.1
3 3 0 .82 2.1 2 .0
3 4 0 .8 2 2 .0 2 .0
4 1 0 .9 7 5 .9 6 .9
4 2 0 .9 7 4 .9 6 .5
5 1 0 .9 0 4 .5 6 .3
5 2 0 .9 0 3 .7 5 .6
5 3 0 .9 0 2 .6 4 .8
6 1 0 .6 0 3 .9 6 .7
1 5 1 0 .7 9 5 .9 8 .3
1 5 2 0 .7 9 4.1 6.1
16 1 0 .8 6 2 .6 4 .5
16 2 0 .8 6 2.1 3 .8
1 6 3 0 .8 6 1.6 2 .5
(1) Freeze and Cherry (1979), Hvorslev method
(2) Bouwer and Rice (1976)
S i t e s :  7
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C h a n n e l
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Figure 2.4.1.  Distribution o f  average hydraulic c o n d u c t i v i t y  v a lu e s  a cr oss  reef .
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Oberdorfer and Euddemeier (1986) reported K values from "backreef" type 
sediments on Davies Reef, Australian Great Barrier reef. The lithology of the reef 
was reported as composed of an indurated "reef plate" of algal-bound coral rubble 
overlying essentially unfchified coarse coral rubble. They performed bail tests that 
estimated a range of K values from (Table 2.4.3) within an area of a few tens of 
square meters on the reef surface. Permeameter tests of cores taken from the same 
location gave values slightly less than Tague reef bail tests for the reef plate but 
higher values for the unconsolidated sediment. Wheatcraft and Buddemeier (1981) 
reported a K value simile' to Tague Reef values from modern sediments draping a low, 
small Pacific island. Ayers and Vacher (1986) reported core permeameter values of 
reef plate (pavement) much lower than Tague reef values and pump tests of just 
slightly less from a Pacifc reef related island. It appears then, that the values for 
Tague Reef K's are representative of boundstones and finer grained sediments reported 
for other modern reef sediments (Figure 2.4.2).
Specific Storage
The specific storage of a  porous medium is the volume of water per unit 
surface area that can be produced with a unit decrease in hydraulic head (Freeze and 
Cherry, 1979). For the purposes of this study it is considered a measure of the 
elasticity of the reef, or the ability of porewater and the sediment framework to be 
compressed in response to pressure variations as a  wave passes over the surface. In 
effect, it controls how fast a  wave signal is propagated down through the reef and how 
much of it is absorbed during compression and released during decompression. A 
more complete discussion of this factor and the calculation of its value from the pump 
test is presented in Appendix A.
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Table 2 .4 .3  Comparatlvo Hydraulic Conductivity Values
Location Llthology Method^) K value, m/s
Tague Reef(2) Framework B 1.8 to 8.3x10*4
Davies Reef(3) Reef plate P 2.3 x10*5
Davies Reef(3) Sediment P 1.1to 200x10*4
Davies Reef(3) Sediment B 1.3 to 21x10*3
Deke(4) Reef plate P 1 to 50x10*7
Deke(4) Sediment P 1 to 10x10*5
Deke(4) Sediment B 5 x 1 0*5
Enewetok(5) Sediment B? 8 x 10*4
Hawaii(6) Sediment C 1.3 to14 x 1 0 '4
(1) Methods: B: Ball (Slug out), P: Laboratory Permeameter; C: Constant head
(2) This study
(3) Buddemeler and Oberdorfer (1986)
(4) Ayers and Vacher (1986)
(5) Wheatcraft and Buddemeler (1981)
(6)Tribble (1990)
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Figure 2 .4 .2 .  A comp ar i son  o f  hydraul i c  conduct ivi ty  v a l u e s  
among s t u d i e s  o f  r e e f - r e l a t e d  s e d im e n t s .  R efer ences  a r e  the  
s a m e  a s  In Table  2 .4 .3.  Typical  se d im en t  values  are f r o m  F r e e z e  
and Cherry ( 1 9 7 9 ) .
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The specific s to rage  (Ss ) of the  reef can be roughly estimated by com parisons 
with that of other types of rocks (F reeze  and  Cherry, 1979). The equation for 
specific storage contains both rock an d  w ater properties:
S s = P 9 (ct + np)
w here p is the density of the  w ater (seaw ater = 1027 kg/m3) , g is the acceleration 
of gravity, a  is the compressibility of the  porous medium, n is the porosity and  b is 
the compressibility of w ater. Typical values for a  range from 1x1 O'7 for san d  to 
1x1 O '9 for gravel and 1x1 O'8 to 1x1 O '10 for jointed rock (Freeze and Cherry,
1979). Reef sediments are  com posed  of variable proportions of these e lem ents so a  
range of values are used for estim ation of this param eter. The compressibility of 
w ater (p) is 1x1 O'10 With a  total porosity near 50% , S s values should range  from 
1x1 O'3 to 4x10'6/m for s a n d  dom inated  to gravel/rock dominated deposits.
The theoretical solution for S s is drawn from the  analysis of Ferris (1951) 
who applied heat flow m odels to a sp e c ts  of a  progressive, one-dimensional h ead  wave 
signal through an aquifer. A ssum ptions for the analysis in this study are that the 
aquifer, in this case  the reef, w as hom ogeneous, of uniform thickness and extended to 
great depth relative to the source. T h ese  qualifications are approximately m et by 
considering the propagation of the w ave signal vertically into the reef. Another 
assum ption is that the flow is a lso  one-dim ensional which was not precisely the case  
for the reef. The amplitude of the w ave is calculated by the following equation: 
a  = a0 e{-y^(n S s / to K )} 
where a is the amplitude, ao  is the surface amplitude, y is the depth into the reef, and 
to is the wave period. The equation is then solved for Ss using the attenuation of the 
wave amplitudes observed in the well time series da ta. For a  wave period of 13 
seconds with the attenuation of the signal of 10% from 1 m to 2 m depth into the  reef, 
and a  K of 1x10*4 ,the Ss  value is 4.6x10*6/m. This value indicates that the low end
60
of the range estimated above from representative lithotogic values is more 
reasonable.
Values are also calculated from an analysis of a  pump test, and numerical 
modeling of the pump test results with MODFLOW (MacDonald and Harbaugh, 1988). 
However, there is some ambiguity with the performance of the pump test due to the 
extremely quick response of the well to the pumping impulse. The pump test was 
performed at site three for which the technique is described in Appendix A. The 
results of the test in this study are interpreted as  the storativity (dimensionless) by 
the Theis curve matching technique presented in Freeze and Cherry (1979) for a 
value of 8x1 O'3. The results of the pump test are equivocal due to the very quick 
response of the reef to the lowering of hydraulic head induced by the pumping. This 
suggests that the storage capacity of the reef is less than the value that was 
determined by the Theis curve method. Preliminary numerical modelling of the pump 
test indicated S s values of less than 3x10*5 /m were reasonable.
Effects on Porewater Motion
Before presenting the analysis of wave driven flow in the porous medium of 
the reef, it is important to determine the influence of the permeability and specific 
storage characteristics of the reef on internal flow patterns. The hydraulic 
permeability, (K) limits the velocities of porewater movement under the influence of 
hydraulic gradients. The specific storage (Ss) capacity of the reef medium has a more 
subtle influence, delaying the incident wave impulse into the reef and potentially 
leading to diminished and/or asymmetric flow patterns relative to motion in the open 
w ater column.
Model design. The finite-difference groundwater flow model MODFLOW 
(MacDonald and Harbaugh, 1988) was used to evaluate the effect of variations in 
hydraulic conductivity and specific storage by simulating flow through a  two
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dimensional reef of unit width (Appendix C). The rectangular grid u sed  for this 
simulation had active flow boundaries on both sides, a  designated head  boundary on the 
top and a no-flow boundary on the base. The bottom was modeled as  a  no-flow 
boundary b ecause  it w as thought that the underlying bedrock is significantly more 
impermeable than the reef deposit. Oscillatory wave motion w as generated  with a 
linear wave form for the head  distribution at the top boundary. The wave profile (n) 
was calculated for a  ten second period as  by:
x\ = a  cos (kx - a t)
with k and a  determ ined from shallow w ater linear wave theory (Komar, 1976,
Kinsman, 1984) for a 10 second wave in one meter of water depth. The amplitude, 
a ,  was maintained at 0.25 m, which was a  moderate value within the range of 0.23 to
0.44 m for w ave am plitudes on the forereef m easured by Lugo-Fernandez, (1989).
The wave form w as moved in ten one-second time steps. The model calculated the new 
hydraulic head distribution a t each  time step.
The model was first tested  for its ability to simulate wave induced motion. The 
head distribution produced by the model was compared with numerical exam ples of 
potential fields produced by linear wave solutions published by Putnam  (1949) and 
Reid and Kajiura (1957) for incompressible flow. The MODFLOW model results of 
head distribution for very low specific storage conditions (essentially 
incompressible) w ere very similar.
Tests. The param eters were tested during the simulations using the 
symmetrical sinusoidal w ave d iscussed above. The value of the hydraulic conductivity 
was held constan t at 1x1 O'4 m/s, which was approximately the  empirical value 
measured in the reef. The ratio of the hydraulic conductivity K to the specific storage 
S s . K/Ss w as varied from 3x10*8 /m to 3x10_1 /  m, to evaluate the  relative 
influence of the two param eters on the distribution pattern of hydraulic heads.
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Results. The criteria used to evaluate the effects of the porous media terms 
were the magnitude and pattern of wave head penetration into the reef. The 
attenuation of the wave signal m easured at the one meter depth a s  a percentage of the 
amplitude of the incident wave form at the reef surface was calculated. A qualitative 
measure of the phase delay of the wave signal in the reef with respect to that at the 
reef surface was also determined. These values were intended both to display the 
effect of varying the porous media characteristics and to interpret the physics that 
controlled the head  distributions (Table 2.4.4) .
The simulations with low S s (3x1 O'8 /m) represented a  medium with almost 
no capacity for compression and displayed deep penetration of the wave head pattern 
with nearly vertical and parallel isopotentials (Figure 2.4.3). Here the signal was 
transmitted almost instantaneously deep into the porous medium. Conversely, 
simulations for the reef having high Ss values (3x1 O'4 / m ) represented a medium 
with a relatively high capacity for compression (primarily due to the porous medium 
because water is almost incompressible). The results of the simulation display a 
shallow penetration of the wave head pattern, with a phase delay of deeper head values 
shown as swept back head contours in Figure 2.4.4. This delay in the wave signal is a 
manifestation of the movement of water into and out of storage along the path of the 
signal.
The remaining profile amplitude at a depth of one meter w as compared over 
the range of K:Ss ratios used for the simulations (Figure 2.4.5). Very little 
penetration occurred at values less than K:Ss = 0.033 but increased rapidly over the 
next three orders of magnitude where K and Ss were of comparable magnitudes, until 
the penetration w as very high at K:Ss = 33. Thereafter no change occurred in head 
contour values with decreasing relative values of Ss over at least two more orders of 
magnitude. The insensitivity at the extreme showed that when the transient 
compressional term S s was very small it no longer influenced the distribution of
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Figure 2.4.3 MODFLOW simulat ion of wave genera ted head va r ia t ions  In a porous medium. The 
s pec i f ic  s to rage  value for th is  s imula t ion  was  3x l0~ S /m .  The wave p re s su re  signal pene t r a te s  
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Figure 2.4.4 MODFLOW s im u l a t io n  of wave  g e n e ra te d  head v a r i a t i o n s  In a porous  medium. The 
s p e c i f i c  s to r a g e  va lue  fo r  t h i s  s im u l a t io n  w a s  3x 1 0 - 4 /m .  The w a ve  p r e s s u r e  s igna l  Is ab so rbed  
by the  c o m p r e s s i b i l i t y  of the  medium and does not  p e n e t r a t e  very  f a r  into the  med ium,  com pared  















Table 2.4.5 Relationships Between Hydraulic Conductivity, Specific Storage and 
Simulated Wave Signal Intensity at Depth
Model K S K /S log K/S %  Signal
RFIIILB 1E-04 3E-01 3E -04 -3 .5 0
RF1IILA 1E -04 3E -03 3E -02 -1 .5 7
RFIIIE 1E -04 3E -04 3E-01 -0 .5 2 3
RFIIILC 1E -04 1E -04 1E+00 0 .0 4 3
RFIIID 1E -04 3E -05 3E+00 0.5 7 0
R FIIIJ 1E -04 3E -06 3E+01 1.5 8 2










431 24 2 1 0-3
log K/S
Figure 2.4.5. This plot shows the decrease in signal transmission 
to a depth of 1m with increasing Storage factor, S relative to K, 
due to greater compressibility. Smaller values of S cause  the 
medium to behave incompressibly.
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hydraulic head generated by the wave force. The K values were also varied in initial 
simulations but it subsequently was observed that head distributions depended only on 
the ratios K:Ss , not on the values of each parameter.
Discussion. The model simulation results with head values most similar to the 
empirically measured attenuation of wave pressures (as head values) was chosen as 
the most representative model calibration ratio (K = 1x1 O'4 m/s and S s = 1x10" 
6/m) with which to run other simulations of wave behavior. As discussed in 
Appendix A, the transient term was negligible for these cases, indicating that the reef 
has essentially no storage effect on the head variation with time and that pressure 
variations are propagated essentially instantaneously through the reef and are 
equivalent to the incompressible, steady state-like solutions. These results were 
similar to incompressible models by Putnam (1949) and Reid and Kajiura (1957) 
which also have deep penetration of the profile amplitude and nearly vertical 
isopotentials from the surface pressure profile and show no phase delay of the wave 
form.
This array of methods and results indicates that the value for specific storage 
param eter can be taken as very small for shallow reef flow. This stands to reason 
because the reef is constantly under the influence of fluctuating wave pressures and 
any tendencies for compressional rearrangement of the reef sediments should be 
quickly accommodated. The groundwater flow equation in its steady state form may 
therefore suitable for determining head distributions based on instantaneous values of 
fluctuating hydraulic head measured inside or on the surface of the reef.
CHAPTER THREE: POREWATER ENVIRONMENT
3.1 H y d ro g e o lo g ic a l  C o n d i t io n s
Wave conditions on Tague Reef 
Wind waves and other oceanographic phenomena, such as  tidal fluctuations and 
wave setup, alter the se a  surface elevation gradients across the reef over a  range of 
frequencies. The resulting pressure gradients are hypothesized to drive porewater 
flow within Tague Reef. Observations of temporal and spatial pressure variations 
will be used to characterize these driving forces. This work continues and supports 
studies of several different reefs in the Caribbean by Roberts and others (1975,
1980) who described and quantified the significant attenuation of waves as  they pass  
over reefs. Lugo-Fernandez (1989) observed surface waves and other sea  level 
variation phenom ena on Tague Reef immediately preceding the gathering of reef 
porewater pressure data for this study.
Porewater Hydrogeological Observations 
This study describes in situ m easurem ents of high frequency pressure 
fluctuations in the porewater of Tague Reef in response to external wave forcing. 
These data are in the form of simultaneous time series from adjacent wells from 
which hydraulic gradients and wave spectra can be derived. Fluid flow may then be 
calculated from the hydraulic gradients. Putnam (1949) and Reid and Kajuira 
(1957) have suggested that a  porous medium below a  water column supporting 
progressive waves exhibits fluid flow which is in phase with the wave profile. Flow 
is downward under wave crests and upward under troughs.
Because the storage capacity has not been considered in previous theoretical 
studies (Putnam, 1949, Reid and Kajuira 1957), the data were examined for any
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anomalously attenuated wave signal or phase shift of the signal with depth into the 
reef. These effects would indicate a  significant storage capacity (compressibility) of 
the reef sedim ents and  would distort the form of the hydraulic head w ave signal.
Methods
Time series of p ressu re  variations were m easured via p ressu re  transducers, 
described in Appendix C, inside wells simultaneously with the w ater column or in 
adjacent wells. The pressure  transducers were sealed  to the top of the wells with 
sturdy collars (Figure 3.1.1). The well devices m easured pressu re  variations at 
the depth of the well screen  slots within the reef (Figure 3.1.2).
Time series w ere twenty minute bursts of data gathered at one second 
intervals. The data  w ere collected as  relative differences from an arbitrary datum 
via an adjustable gain circuit, i.e. the absolute pressure w as not m easured . This 
method enhanced the precision of the recordings by allowing a  selected pressure 
range to be divided into smaller intervals. A drawback to this method w as that there 
w as no way of knowing the net pressure level above or below a  true s e a  level datum 
without an extremely accurate surveying of the site, which was not available.
The time series  w ere converted from transducer pressure readings, the more 
fundamental m easurem ent, to seaw ater levels representing hydraulic head  (h), a  
m ore readily visualized m easurem ent. These conversions were done a s  for the wave 
signals above, taking into account s e a  water tem peratures near 25° C and salinities 
near 35 ppt to allow a  standard  s e a  water density, p of 1027 kg /  cubic m eter to be 
used. Therefore:
h = y + P /  pg
w here y is the record m ean hydraulic head, P is the fluctuating pressure , and g is 
the acceleration due to gravity. This produces a  time series of wave height 
variations, in cm above and below an arbitrary zero value. Analysis of the time
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series included subtracting concurrent data sets from subjacent wells to determine 
instantaneous gradients in hydraulic head, and calculating wave power spectra.
The significant wave amplitudes for the following discussion were numerically 
approximated from wave power spectra using (Lugo-Fernandez, 1989):
H (m) = 4 V / G(f) df 
The integral is numerically approximated by the summation of area beneath the 
spectrum within the gravity wave band and swell bands.
Each time series was analyzed for dominant wave periods and the wave 
amplitude at these periods. The records were also compared between locations 
within the reef to observe the effects of depth penetration on the form of the waves 
and calculate energy loss. The coherence between signals from adjacent data 
collection points was evaluated, to quantify the amount of variation in the 
transmitted signal linearly explained by the incident signal. The phase lag between 
recording points was also computed to estimate the velocity of the signal propagation
Data for this aspect of the study were gathered on April 10, 1986. An effort 
was made to record data simultaneously as widely across the reef as possible. In 
retrospect, simultaneously measuring wave activity from the water column and 
adjacent wells at different depths at one site provided the most useful results. Due to 
calibration problems with one sensor, only the well response data from two records 
taken at 1500 and 1600 hours were considered to be fully reliable for analysis of 
absolute head differences. These sensors were located in the lagoon side of the reef 
crest which m eans that incident wave heights were already well attenuated and 
complicated by surface waves developed in the lagoon.
Wave pressure data recorded during one observation period were used to 
illustrate the behavior of waves crossing the reef. The data were recorded during
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interval 1010 (April 10 at 1000 to 1020 hours) in 1 m deep wells. The wave phase 
velocities and wavelengths were calculated from linear wave theory.
Background
Sea state and wave breaking behavior: Wind waves that strike Tague reef are 
driven by the prevailing easterly tradewinds. Typical waves have approximately 6 
second periods, and 0.25 to 1.0 m amplitudes (Hubbard 1989). Storm swell with 
amplitudes over 1 m or more and longer periods, derived from north Atlantic storms, 
occasionally filters through the northern Virgin Islands (Wilson et al, 1973, Lugo- 
Fernandez, 1989, Hubbard, 1989) to encounter St. Croix. Hurricanes or strong 
tropical storms occur with moderate frequency (Hubbard, 1988), on the order of one 
every three to four years, and generate locally very high waves of 3 to 5 m or more 
(Rogers, et al, 1982).
During normal sea  states, waves steepen as they encounter the shallow 
forereef and begin breaking just in front of the reef crest in about 2 m of water.
Breakers are usually of the spilling variety which then tend to reform symmetrical 
profiles with greatly diminished amplitudes in the backreef.
Wave dissipation. Lugo-Fernandez (1989) measured high frequency waves 
immediately preceding the field m easurem ents for this study. The dominant waves 
during that period were typically 10 to 18 second swell and 5 to 7 second waves.
Amplitudes of the w aves approaching the reef in the Buck Island Channel were 
generally less than 0.5 m. Average wave amplitudes at the forereef ranged from 23.7 
to 44.0 cm and d ecreased  progressively to 13.7 to 25.5 cm at the reef c rest to 10.0 
to 20.5 cm in the backreef. The waves had an average 44% amplitude loss to the reef 
crest and a  total average loss of 54%. Low tides resulted in approximately 15% more 
amplitude dissipation than a t high tides. On the basis of a  wave dissipation model, 
Lugo-Fernandez (1989) described four zones of wave transformation beginning with:
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(1) a  zone on the forereef where wave amplitudes increased due to shoaling effects,
(2) a breaker zone in the shallow forereef and  reef crest characterized by nonlinear 
processes, (3) a  bore-like surf zone across the reef crest with considerable energy 
dissipation and amplitude attenuation, and (4) a  backreef and lagoon zone where 
w aves reformed into basically symmetrical oscillatory forms.
Long period infragravity w ave and tidal signals were detected with wave 
transducers and tide gages during the experiment. A thirty-minute period, 
infragravity wave was observed by Lugo-Fernandez (1989) with a  one centimeter or 
less amplitude and a phase offset betw een forereef and lagoon of about three minutes. 
The offset was apparently due to w ater depth control on wave velocities. The source 
for these w aves is not known. Tides were essentially diurnal with slight semi­
diurnal contributions. The tidal ranges were a t seasonal extrem es for this area  but 
still only ranged from 20 to 30 cm. S e a  level differences, across forereef to lagoon, 
due to a phase offset of tidal wave p h ases  were estimated to be a  centimeter or less. 
The sea  level differences across Tague Reef cau sed  by tidal fluctuations were small 
because tide ranges were small and water depths at the reef crest were approximately 
1 m. The tidal wave propagation direction w as apparently parallel to the long 
direction of the reef, rather than perpendicular (Lugo-Fernandez, 1989) causing the 
wave traveling down the shallow lagoon from the east to move slightly slower than in 
the channel.
Lugo-Fernandez (1989) also used  a  m anom eter to m easure setup across the 
reef generated  by breaking waves (Tait, 1972). M easurem ents indicated that 
maximum setup w as a  couple of cm or less from the shallow forereef to the backreef. 
B ecause the only waves striking the  reef during the m easurem ent interval were 12 to 
18 second period swell with a  very definite surf beat, it w as difficult to estimate the 
duration of the setup for these conditions. Linder a  steady tradewind sea, the setup 
should establish a  steady sea  level difference with a  low in the shallow forereef and
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reef crest zones where the waves are breaking and a  high in the near backreef region, 
just beyond w here waves cease to break (Tait 1972, Lugo-Fernandez, 1989).
Results
Surface waves. Wave amplitudes determined from wave spectra, waveforms 
and velocity da ta  for measurement period 1010 are listed in Table 3.1.1 The data 
are, however, uncorrected for depth differences of the recording devices and 
therefore do not represent exact wave heights.
TABLE 3.1.1 Wave parameters for the 13.3 second period wave.
SITE T B 1 3 TBJ..1. T B 0 9 TB .03
W ater depth 3.8m 2.8m 1.2m 1.1m
Amplitude 0.38m 0.33m 0 .2 0 m 0 .1 0m
Velocity 6.1 m /s 5 .3 m /s 3 .4 m /s 3 .3 m /s
Wavelength 81 m 71m 4 6 m 44m
Attenuation - 13% 3 9 % 5 0 %
The time history of a single wave at a  point on the forereef was converted to a 
spatial signal (Figure 3.1.3) using the estimated phase  velocity. The wave form over 
the forereef w as fairly symmetrical. Amplitudes of individual waves in that zone 
ranged from about 10 to 30 cm with approximately 13 second periods. The amplitude 
range typically underwent a  strong surf beat modulation with a  period of about a 
minute. The wave diminished in height but maintained nearly the sam e form as it 
crossed the shallow forereef from depths of about 3.8 to 2.8 m depth. The wave form 
changed significantly at the reef crest, becoming steeply asymmetrical and decreasing 
in height a s  it broke in about 1 m deep water (Figure 3.1.4). The wave continued to 
diminish in height but regained symmetry as it passed  over the backreef (Figure 
3.1.5).
The data derived from wave spectra reported a t the bottom of Table 3.1.1 show 
the numerically approximated wave amplitudes for the most prominent wave periods. 
The amplitude of the swell period wave declined about 13% across the
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forereef. Amplitude attenuation of nearly 40% occurred across the reef crest and 
about 50% more continuing over the backreef. The overall attenuation of the 13 
second swell from forereef to backreef was about 74%.
Porewater conditions. Representative sections of time series 1015 and 
1016, which display the behavior of superim posed wave signals from two wells, are 
shown in Figure 3.1.6. The transducers were located in wells TB-9 and TB-8 about 
one meter horizontally apart at site 3 and at depths of 1.0 and 1.8 meters into the 
reef respectively (Figure 3.1.7). Spectrum  analysis of the 1015 time record 
(Figure 3.1.8) displays wave frequencies with prominent peaks at 13.3 seconds and 
at 7,2 seconds (Table 3.1.2). The 1015 record exhibits significant wave heights for 
the 13.3 second period wave of 15 cm in the shallow well and 13 cm in the deeper 
well. The heights for the 7.2 second wave were 5.5 cm for the shallow well and 5 cm 
for the deeper well. Wave amplitudes in the 1016 record are larger than the 1015 
record but show similar attenuation (Figure 3.1.9). These records indicate that 10 
to 12 % attenuation of the 13.3 second wave occurs from the 1.0 meter to the 1.8 
meter deep well and 10 to 27% attenuation of the shorter 7.2 second wave occurs.
Table 3.1.2 Amplitudes of Porewater Hydraulic Head Responses to Wave Forces
















1 01 5 15 cm 13 cm 0 .1 0 5.5 cm 5.0 cm 0 .10
1 01 6 18 cm 16 cm 0 .1 2 5.5 cm 4.0 cm 0 .2 7
The attenuation of the wave amplitudes with depth into the reef was compared 
to the attenuation predicted by linear wave theory in the open water column (after 
Komar, 1976), A(amp) = a o e ^  . For this analysis, the amplitude of the shallow 
well was used as  the incident wave amplitude (ao). The wave number k was
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Figure 3 .1 .6 . A portion of the time series of recorded in wells in the lagoon side of the reefcrest. 
Prominent wave forms are at about 12 to 13 second intervals with an apparent
modulation of the wave heights on the order of about a minute and a half. The records
from the shallow well (the light line) are superimposed over the heavy line. The 
shallow record displays more detail In the wave form and a wider range of water levels.
a. Record 1015, taken April 10, at 1500 hours.
b. Record 1016, taken April 10, at 1600 hours.
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Figure 3.1.7 Layou t  of  s i t e  3 w h e r e  w a v e  g e n e r a t e d  p r e s s u r e s  w e r e  
m e a s u r e d  f o r  r e c o r d s  1 0 1 5  and 1016.
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Figure 3.1.8. Wave spectrums of the 20 minute records from the deep and shallow weis at site 3
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Figure 3.1.9. Wave spectrums of the same wells during the sampling period 1016.
calculated from the wave period and velocity for each wave period from linear wave 
theory. The results indicate (Table 3.1.3) that the pressure attenuation m easured 
inside the reef corresponds very nearly with values calculated from linear wave
Table 3.1.3 Wave signal attenuation.
Record 1 0 1 5 1 0 1 5 101 6 1 0 1 6
(wave period) ( 1 3 .3 ) (7 .2 ) (1 3 .3 ) ( 7 .2 )
Amplitude (cm) 
Shallow well
1 5 5 .5 1 8 5 .5
Amplitude (cm) 
Deep Weil
1 3 5 .0 1 6 4 .0
Calculated Deep 
Amplitude (cm)
1 2 .9 4 .7 13 .5 4.1
AAmp Fraction 0 .9 9 0 .94 0 .8 4 1 .03
theory. It appears there is little attenuation of the pressure signal by the reef 
framework.
The coherence between the signals from the shallow and deep  wells in both 
sets of records w as high in both the 13.3 and 7.2 second bands (Figure 3.1.10).
This verifies that the wave p ressure  signal in the deep well is directly related to the 
incident, shallow well signal.
Analysis of the phase delay at the spectrum peaks shows no significant phase 
shift (Figure 3.1.11). This indicates that the reef framework did not react by 
compression to the wave pressure and did not delay the wave signal significantly as 
the signal passed  down through the upper portion of the reef.
Calculating porewater flow 
Darcy's Law was used  to com pute  the possible flow velocity driven by the 
observed pressure field, a s  controlled by the hydraulic conductivity of the reef. 
Darcy's Law describes flow a s  a  function of hydraulic head and the hydraulic 
conductivity tensor (K). Here the  specific d ischarge (or Darcy velocity) is a  volume 
of fluid per a rea  (q: m3/m 2/unit tim e) (F reeze  and Cherry, 1979): 
q = -K dh/dl
The term dh/dl is the hydraulic gradient or change in hydraulic head (h) over the 
elevation distance between the two wells (I). K is in this study considered to be 
hom ogeneous and isotropic throughout the reef, at least on the scale of meters and 
greater. The differences in hydraulic head  are caused  by the wave generated 
p ressures and their attenuation with depth. The instantaneous head difference can 
be calculated by subtracting the w ater level equivalent of the p ressure  variations 
from the two sensors. This head  difference is then divided by the elevation difference 
between the well openings to calculate the hydraulic gradient.
A time series of the difference in head  from record 1015 is shown in Figure 
3.1.12. The head difference betw een the two locations varies by approximately plus 
or minus 2 cm . Although these  a re  vertical head  gradients, they arise form a three, 
or at least two, dimensional field. T hese  records show a pattern where positive head 
excursions are typically noted at the  crest and leading edge of w aves and negative
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Figure 3.1.10. Coherence graphs between the records of the two wefts at site 3 for records 1015 
and 1016.
a. The coherence graph of record 1015. A value of one indicates that the two signals are
highly linearly related, which is true for both the 13 and 7 second periods.
b. The coherence graph for record 1016 showing a  similar relationship as in record
1015<
8 3
WELL TB 08 €  T B O r. 1015  1 8 - 0 . O F - 16
Figure 3.1.11. A graph showing the phase-lag between the records of the two weQs at site three 
shown in figure 4.5 and 4.6.
a. The phase-lag graph of record 1015. A value of zero radians indicates that the two
signals are exactly in phase, which is true for both the 13 and 7 second periods.
b. The phase-lag graph for record 1016 showing a  similar relationship as in record
1015.
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excursions observed in the troughs, although because the records are noisy the 
relationship Is somewhat obscured. T hese head differences are, for all practical 
purposes, vertical head differences although there is a small horizontal component 
in them as well. Visual inspection of the time series of these head differences shows 
no obvious net head difference over the 20 minute record. This suggests that 
vertical fluid flow is dominantly oscillatory in nature.
The time series was sep ara ted  into positive and negative head values, with the 
average differences reported in Table 3.1.4.
Table 3.1.4 Hydraulic head differences in the porewater.
Ave head 
difference 







0 .0 2 1 ( 5 6 1 ) - 0 .0 1 8 ( 6 3 9 ) 1 1 .7 8 1 1 1 .5 0 2 9 8%
SITE 1016 
0 .01  2 (5 7 2 ) -0 .0 1  1 (6 2 8 ) 6.864 6.908 101%
(1) n = number of data
During both sampling bursts, the average downward, positive head difference was 
about 10 to 15 % larger than the  upward, negative head difference. Conversely, the 
number of occurrences of positive head  differences were about 10% less than that of 
the negative head differences. If the positive and negative head differences were
m  I n»Ti| n c in p  / rm f tn i/T j- .j fl -1 . HVIA f t f i n i f i  / :a r .p n i/T B m /rn :
trr .im *  n w in i s  anns-Tiirm-l}H/n:y y .--r.n »Fc;inii>[«; n n n i«  .Tanq-Tnnn.
Figure 3.1.12. Graphs showing the water level difference betw een the well records 1015 and 
1016, shown before. The original records a re  shown above the subtracted values.
86
multiplied by the number of occurrences (n) however, the resulting summed 
negative and positive head differences were within 1 or 2% for each  record.
Because the wave records begin and end arbitrarily with respect to any actual 
waveform, the record never contains an integral number of wave periods. This will 
always result in somewhat artificially unbalanced records. Therefore, no net 
hydraulic heads over the entire sample burst can be calculated from the field data. It 
is possible, however to estimate the time averaged specific discharge from the data, 
given a value for hydraulic conductivity. For Tague reef, this value may be 
conservatively estimated as between 1 and 5 x 10'4 m3/m2/s. The resulting values 
of specific discharge are reported in Table 3.1.5.
REOOFD Average Average Average
dh /d lC 1 ) Vertical q (2) Vertical v (3)
positive negative (m 3 /m 2 /s ) m/s
SITE 1015 0 .0 2 6 - 0 .0 2 3 2.4x1 O'® 8 .0 x 1 0 * 6
SITE 1016 0 .0 1 5 - 0 .0 1 4 1 .4x10*6 4 .6 x 1 0 * 6
(1) dl = 0.8m
(2) for K =.0001
(3) Porosity = 0.30
Values for the specific discharge based on the wave data indicate the vertical specific 
discharge ranged from about 1.4 x10*6 Jo 2.4x10'® m2/m2/s over the period of 
measurement.
Vertical porewater velocities are calculated by dividing the specific discharge 
by the effective porosity (0 ) of the medium: 
v = -K/0  {dh/dl)
If the effective porosity of the rocks is assum ed to be near 0.3, the resulting vertical 
porewater flow velocities were on the order of 4.6 to 8.0x1 O'6 m/s. The flow 
vectors are oscillatory so that they essentially cancel out over a  single wave period.
The detailed motion of porew ater can be illustrated with porewater particle 
orbitals using pressure gradients estim ated from observed pressure records and 
linear theory. The estimated orbitals are  used here not to define precise pathw ays 
but to give an order of magnitude representation of porew ater flow. The orbitals in 
Figure 3 .1 .13 display alm ost circular to vertically oriented elliptical travel paths. 
The scale of these orbitals ranges from a  long dimension of about 1.5x1 O'5 m in the 
backreef up to about 3x10 ‘5 m (30 pm) in the forereef. The shape and dim ensions 
of these orbitals are influenced by wave size and morphology, as related to the 
position on the reef. The orbitals on the forereef are highly symmetrical with just a 
hint of vertical elongation due to sharpening of the wave peak nearer the reef crest. 
The reef crest and backreef orbitals show  an elliptical asymmetry caused by the 
sharp peaked, asymmetrical wave form.
Discussion
Surface Conditions. Analyses of wave pressure time series (Lugo-Fernandez, 
1989, this study) have shown that the pressure fluctuations diminished ac ro ss  the 
reef as w aves shoaled, encountered drag on the reef surface and broke at the reef 
crest. This dissipation suggests that wave-driven porew ater flow velocities also may 
exhibit lateral variations a s  a  function of wave height and water depth. The form of 
waves a lso  changed across the reef. Symmetrical forms occurred over the forereef 
and backreef while wave shoaling over the reef crest zone caused asymmetric forms to 
prevail. T hese  changes in form may have profound influences on net transport 
m echanism s and may require nonlinear mathematics to model their behavior. High 
frequency wind waves and swell cau sed  the largest pressure gradients that could drive 
pore w ater flow. Infragravity waves and  tides had very small amplitudes and  
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Fig. 3.1.13a. Calculated pore velocity 
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Fig. 3.1.13b. Calculated pore velocity 
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Fig. 3.1.13c Calculated pore velocity 
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Fig. 3.1.13d. Calculated pore velocity 
orbital from the backreef.
differences on either side of the reef caused small s e a  level differences across the reef 
c re s t.
Setup caused by wave breaking at the reef crest may have generated a  local 
sustained  pressure gradient across the reef, although the magnitude is likely to be 
quite small. In addition, the exact location of its influence may have varied with time 
b ecause  the setup is a  function of wave state and w ater depth which is, in turn, 
m odulated by the tidal level.
Linear wave theory allows simplified equations to be used  in deep and shallow 
water, these categories being determined by the ratio of w ater depth to wavelength 
{Kinsman, 1984). If shallow water is designated to be  h/L < 1/20 as  Kinsman 
(1980) suggests, then all waves on the reef w ere shallow w ater waves.
Porewater Conditions. High frequency w ave p ressu res  were m easured inside 
a  reef framework and reported here for the first time. Data were obtained 
sim ultaneously from two points at different dep ths to allow calculation of vertical 
hydraulic head gradients. The data from one location in the reef crest showed 
prominent wave periods a t 13.3 and 7.2 seconds but with relatively small time 
averaged  amplitudes {Hubbard, 1988). The am plitudes displayed roughly 10% 
attenuation for the 13 second period wave and about 10 to 25% for the 7.2 second 
wave for about a  1 m penetration into the reef. The p ressu re  signals in the shallow 
well and the deeper well were highly correlated and no p h ase  lag with depth was 
observed. Thus, it appears that higher frequency wave signals are selectively 
attenuated at shallower depths.
The time series data  showed no significant net hydraulic gradient over a 
twenty minute measuring period, even though the time averaged  positive and 
negative vertical gradients had different magnitudes. Apparently the magnitude 
im balances are offset by the frequency of occurrence of the direction of the gradient 
pu lses. Thus the observations of porewater p ressu res  do not provide evidence for
any measurable net transport of porewater at the location where data is most 
reliable. Orbital pathways calculated at selected points across the reef demonstrate 
the nearly c losed elliptical paths of particles transported through a wave cycle.
9 1
3 .2  P o r e w a t e r  G e o c h e m i s t r y
Two interdependent se ts  of porew ater chemical constituents are  investigated 
to evaluate the effect of physical and biological p ro cesses  on porew ater chemistry.
Selected  constituents used  in biological respiration are used  to evaluate the 
effectiveness of oceanographic forces to replenish porew ater near the reef surface.
Carbonate species are evaluated to investigate the effect of biological respiration on 
carbonate cem ent saturation states and suggest the activity of carbonate diagenesis 
that h as  actually occurred within the reef.
Porewater Geochemistry Relating to Advective Flux 
The effectiveness of wave driven flux into the reef is evaluated by examining 
the distribution of biologically related constituents. The variation in the 
concentration of th ese  constituents a rises from biological respiration which occurs 
in the reef pore system  and modifies porew ater chemistry. The effects of biological 
respiration on porew ater chemistry, primarily the consum ption of dissolved oxygen 
and the re lease  of byproducts, has been  observed in several reef settings (Zankl and 
Multer, 1977, Pigott and Land, 1986, Buddem eier and Oberdorfer, 1986, S ansone,
1985, S an so n e  et al., 1988, Tribble, 1990). These studies have described the 
evolution of porewater composition with depth towards anoxic conditions in the 
interior portion of reefs. Typically, dissolved oxygen (DO) is consum ed first, 
followed by anaerobic communities that reduce other constituents. T hese constituents 
a re  apparently used  in order of the progressively lower energy returns from the 
chem ical reaction during respiration (Coleman, 1985). The energy return is that 
energy re leased  per unit mole of organic carbon that is oxidized. The levels of energy 
re leased  for these  species occur generally in three subenvironm ents. Estimated 
energ ies and  the environm ents are  listed in Table 3.2.1.
Table 3.2.1 Energy Return of Reaction (after Froelich et al., 1979, in Coleman,
1 9 8 5 )
ENVIRONMENT REACTION ENERGY RETURN









4 8 5 - 5 1 5
2 2 0 - 2 3 5
ANOXIC: 6 5
6 0
Theoretically, after dissolved oxygen is all or nearly consumed, any available iron or 
m anganese ions are reduced. This is followed by sulfate reduction, which produces 
hydrogen sulfide (H2 S). Extreme anaerobic activity may include methanogenesis. 
The effects on porewater composition begin beyond the region of physical connection 
with well mixed seawater. The results of these progressive reactions are a  decrease 
in the concentration of dissolved oxygen and an increase in respiration byproducts 
farther away from the sediment / seawater interface. Because the reduced species 
are unstable in the presence of dissolved oxygen, these constituents should be 
restricted to anoxic environments.
The reactions and processes involved in biological respiration in marine 
sedim ents have been well described from other settings (Berner et al., 1977; 
Goldhaber et al., 1977; Lerman, 1988). Sorokin (1974) and Disalvo (1974) have 
confirmed that a variety of both aerobic and anaerobic microbial communities are 
active within reef substrates. Zankl and Multer (1977) investigated biologically- 
influenced conditions in coral reefs and found evidence that microbial communities 
were capable of reducing dissolved oxygen within a  short distance from the reef 
surface. Pigott (1977) in a  Jam aica reef and Buddemeier and Oberdorfer (1986), 
Sansone (1985) and Tribble (1990) in Pacific reefs, identified depleted dissolved 
oxygen and increased H2 S, methane, and other respiration byproducts in reef
pore water. The presence of methane in Pacific reefs (Sansone, 1985, Tribble,
1990) confirms that organic respiration may continue in restricted portions of the 
reef pore system  to produce highly anaerobic conditions.
The distributions of dissolved oxygen, carbon dioxide (reflected a s  the change 
in pH), iron oxides and sulfur species were specifically investigated during this 
study. The depth and location of oxic versus anoxic zones were hypothesized to be a 
function of input rates of oxygenated seaw ater into the pore system  versus the 
biological dem and for oxygen. The distribution of the oxic environment should 
therefore suggest the efficiency of oceanographic forces to transport dissolved oxygen 
at locations across the reef. In addition, diagenetic coatings discovered on cored 
sediments are used to support the delineation of porewater redox environments.
Geochemistry o f Carbonate Constituents
The saturation values of aragonite and magnesian calcite (Mg-calcite) were 
calculated from field data  and analyzed to determine the potential for cementation or 
dissolution to occur in Tague Reef. Surface seawater is usually highly supersaturated 
with respect to aragonite or Mg-calcite (Broecker and Peng, 1988). The flux of 
seawater into the reef pore system replenishes the constituents that promote 
carbonate cementation of the reef sediments. However, a large volume of seaw ater is 
required to produce significant cementation because it has been  calculated that it 
would take over 10,000 pore volumes of seawater, if it was the only source, to fill a 
pore with cem ent completely, assuming that all the calcium carbonate present in each 
pore volume w as able to precipitate (Moore, 1989). This section reports the 
measurem ent of pH and carbonate alkalinity that reflect the aragonite and/or Mg- 
calcite saturation s ta tes  and the variation within Tague reef. The concentration of 
these constituents may also reflect of transport from seawater and  subsequent 
organic and inorganic reactions. Although the thermodynamic potential for
cementation can be suggested  from this da ta , the actual rates of precipitation are  not 
known (Morse et a!., 1984).
Elevated carbon dioxide partial p ressu res  due to biological respiration in the 
pore system  should have a  large im pact on carbonate mineral solubilities. Previous 
studies have described g rad ien ts in pH related to respiration in the porew ater in reef 
settings (Zankl and Multer, 1977, B uddem eier and Oberdorfer, 1986, S a n so n e  e t al., 
1988, Tribble, 1990 ) and p ro p o sed  that lowered carbonate  saturation s ta te s  exist 
in reefs due  to biological resp iration . For exam ple, Zankl and Multer (1977) 
inferred from the distribution of porew ater pH values that cementation may have a  
limited vertical occurrence in ree fs . Tribble (1990) h a s  recently evaluated  the 
effects of aerobic and anaerobic conditions on the thermodynamics of carbonate 
cementation in a  reef in Hawaii. He concluded that dissolution was occurring in the 
interior, anoxic zone. In con trast, Pigott and Land (1986) have suggested that, b ased  
on total w ater chemistry of a  Jam aican  reef, biological sulfate reduction had 
apparently elevated bicarbonate concentrations high enough to precipitate carbonate  
cem ents.
For this study, the pH, d isso lved  calcium concentration and carbonate 
alkalinity w ere evaluated to determ ine  the thermodynamic potential for cem entation 
to occur in the reef porewater. H igher saturation values were anticipated in the 
shallow oxic zone due to the input of fresh seaw ater, and lowers saturation values 
with depth into the reef b e ca u se  of the effects of biological respiration. The 
distribution of these effects can  be  com pared with the observed variation of w ave 
forces on the  reef surface p re sen ted  earlier in this chapter to asses  the im portance of 
the ventilation of the reef with the  variations in the potential for carbonate 
cem entation.
Sampling and Analytical Methods
Data for this portion of the study were gathered at five sites over a one week 
period in March of 1989. The samples were collected during six separate sampling 
events at different periods of the day (Table 3.2.2). The first few sample events 
evaluated the entire set of wells across the reef. Subsequent sampling w as restricted 
to selected  wells to minimize the sample collection time (21 hour for the entire 
tra n sec t) .
The sampling of porewater was done from paired 1 and 2 m deep permanent 
wells in the reef, with the exception of site six that had a single one meter well 
(Figure 3.2.1). To allow sampling of the isolated well screen inside the reef, an 
interior well casing with a packer was inserted inside the permanent well casing of 
each well to seal off the screened section (Figure 3.2.2). Tygon tubing was passed 
down the center of the interior casing through a  rubber stopper in the bottom. In 
addition to the permanent well samplers, tygon tubes were also installed into the reef 
surface through selected megapores to an approximate depth of 20 cm at each of the 
sites and held in place with an underwater epoxy adhesive. Seawater was also 
sampled from the immediate area of the wells during each sample event.
An underwater sampling device was constructed with a  60 ml syringe used as 
a  pump and a  sample container made from a  ziplock plastic bag connected by tygon 
tubing (Figure 3.2.3). Before obtaining a sam ple, porewater was first purged from 
the packer casing tube, and the sample tubes and  container were rinsed by expefling 
several syringe volumes of porewater. A sam ple volume of about one half liter was 
then pum ped into the bag with the syringe and  sea led  off with a  pinch clamp.
The samples were brought to a nearby boat for on-site measurement of pH and 
dissolved oxygen within 10 minutes to 1 hour o f taking the sample. A subsample was 
withdrawn from the bag into the syringe plunger, and the plunger was removed. The 
pH and dissolved oxygen concentrations were m easured with the probes inserted
Table 3.2.2. Porewater Geochemical Constituent Concentrations
Sam pla hata /tlm a D apth from S lta  pH C a rb o n a ta Total Dlaaohrad C O S - O taao h /ad O A rao o n lta
Wall « raa f  au rlaca A lk a lin ity In o ra a n k m a l L C a lc iu m mCa a m C 03 S a lu ta t io n
<m) m ll/L C arbon m i l l m o l/L £1 = Q/K'
3/21*1 4 0 0
a w l 0.50 8.12 2.29 2.10 2.00E-04 1 .16E-02 2.32E-00 3.52
t b l -1 .2 0 7.88 2.28 2.20 8.20E-05 1 .08E -02 8.82E-07 1.34
I b 3 -0 .7 0 B.10 2.28 2.00 2.30E-04
ah 7 •0 .2 0 8.23 2.32 2.08 2.50E-04 1.12E -02 2.B0E-06 4.24
Ib 1 4 -2 .1 0 7.62 2.22 2 .20 7.10E-05 1 .47E -02 1.04E-0B 1.58
I b l f l •0 .86 7.04 2.31 2.27 7.60E-05 1.09E -02 8.2BE-07 1.26
I b l  1 -0 .7 0 7.07 2.43 2.39 8.60E-05 1.09E -02 9 .40E -07 1.42
t b l  2 • 1.94 7.67 2.16 2.13 7.60E-05
3 /2 3 - 0 0 0 0
a w l 0.50 8.23 2.25 2.01 2.40E-04 1.07E -02 2.57E -06 3.89
a h l -0 .2 0 8 .10 2.23 2.01 2.20E-O4
t b l -1 .2 0 7.47 2.30 2.20 S.30E-05 1.03E-O2 5.47E -07 0.83
Ib 3 -0 .7 0 7.55 2.30 2.25 6.30E-05 1.04E -02 6.57E-07 1.00
a h 3 •0 .20 8.21 2.34 2.10 2.40E-04
tbO -1 .00 7.54 2.76 2.75 7.40E-05 1.06E -02 7.83E -07 1.19
tb S •1 .80 7.57 2.33 2.32 6.60E-05 1.04E-02 6.86E -07 1.04
sh 7 -0 .2 0 8 .08 2.34 2.17 1.90E-C4 1.08E-02 2.06E -06 3.12
I b l 4 -2 .1 0 0.98 2.10 2.35 1.70E-05 1.04E-02 1.77E-07 0.27
lb1C •0 .86 7.82 2.25 2.23 7.20E-05
t b l l -0 .70 7.58 2.15 2.14 6.30E-O5 1.03E -02 6.50E -07 0.99
t b l  2 -1 .94 7.73 2.36 2.30 9.S0E-0S
ah6 -0 .20 8.03 2.37 2.21 1.80E-04
t b l  3 •1 .00 7.71 2.22 2 .17 8.50E-05 1.05E-02 8.93E -07 1.35
a w 2 0.50 8.21 2.25 2.03 2.40E-04 1 .05E -02 2.51E -00 3.81
3 /2 5 * 1 4 0 0
a w l 0.50 8.15 2.38 2.17 2.20E-O4 1.09E -02 2.39E-06 3.63
a h l -0 .20 8.10 2.25 2.04 2.10E-O4
I b l -1 .2 0 7.48 2.31 2.32 5.40E-05 1.05E -02 5.67E-07 0.86
tb 3 -0 .7 0 7.55 2.29 2.28 0.20E-05 1.02E -02 0.29E -07 0.95
tba -1 .8 0 7.43 2.29 2.32 4.80E-C5 1.01E -02 4.84E-07 0.73
tbO -1 .0 0 7.50 3.01 3.02 7.40E-05 1.05E -02 7.70E-07 1.18
t b l  1 -0 .7 0 7.30 1.93 1.98 3.00E-65
tb 1 2 •1 .94 7.23 2.29 2.37 3.10E-35 1.09E -02 3.38E-07 0.51
mhC -0 .20 7.92 2.50 2.37 1.50E-34 1.07E -02 1.60E-06 2.43
tb 1 3 -1 .0 0 7.87 2.18 2.14 7.70E-35 1 .0 7 6 -0 2 8.20E-07 1.24
a w 2 0.50 8.05 2.29 2.13 1.80E-04
3 /2 4 * 0 7 0 0
tb S •1 .80 7.44 2.27 2.29 4.90E-05 1 .05E -02 5.12E-07 0.78
tbO •1 .00 7.47 3.11 3.13 7.10E-0S 1 .07E -02 7.61 E-07 1.15
ah  7 •0 .20 8.01 2.38 2.23 1.70E-04
t b l  4 -2 .10 7.18 2.20 2.30 2.60E-05 1 .05E -02 2.72E -07 0.41
I b l S -0 .80 7.70 2.28 2.23 8.70E-05 1.07E -02 9.29E -07 1.41
3 /2 4 -1  3 0 0
IbB -1 .80 7,42 2.24 2.27 4.60E-C5 1-06E-02 4.89E -07 0.74
tbO -1 .00 7.42 2.85 2.89 5.80E-C5 1.11 E-02 6 .44E -07 0.98
Ib 1 4 -0 .8 6 7.66 2.28 2.24 7.90E-O5 1.09E -02 8.6  IE -07 1.30
ah 7 -0 .2 0 8.15 2.28 2.08 2.10E-04 1 .10E-02 2.31E -06 3.50
3 /2 4 - 1 6 0 0
a w l 0.50 8.13 2.34 2.14 2.10E-04 1 .08 6 -0 2 2.27E -06 3.44
tbB -1 .8 0 7.31 2.25 2.31 3.00E-05 1.04E -02 3.75E-07 0.57
IbB -1 .0 0 7.42 2.81 2.85 5.80E-3S 1.08E -02 6.26E -07 0.95
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Figure 3.2.1 Locat ion of  w e l l s  and sha l low  s u r f a c e  s a m p le  tubes  fo r  t ak ing  p o r e w a t e r  s am p les .
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Fig. 3.2 2. Design of the p o rew a te r  sa m p le  a c c e s s  device suspended In t ' r  
w e lls  inside the  reef. The sam ple is w ith d ra w n  v ia  tne tygon tubing, w *-:n 
Is sea led  w ith in  the w elt sc reen ed  d ep th  by a rubber s to p p er in the inne* 
casing , and a packer betw een the  tw o  w ell casin g s .
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bag
Fig. 3.2.3. U nderw ater p o rew a te r sam p lin g  dev ice  to  ob ta in  w a te r  from me 
w e lls  inside the  reef.
inside the syringe tube. This subsample was then discarded. The pH was measured to 
+/- 0.01 standard units with a standard electrode calibrated to NBS standard 
reference solutions on-site. The dissolved oxygen was measured with a  YSI model 
51B oxygen probe. The probe was calibrated with both water-saturated air in a 
confined tube and in an antioxidant sodium sulfide solution to establish values for a 
range of oxic versus anoxic conditions. All electronic equipment and sam ples were 
kept in a cooler to minimize heating and agitation. The water temperature was 
measured inside the wells before the well packer tubes were installed.
Immediately upon returning to the onshore laboratory, a sample aliquot was 
removed and stabilized with an antioxidant sodium sulfide solution for sulfide 
analysis to prevent loss from off-gasing or oxidation. The remaining sample was 
filtered. The filter membrane was retained and inspected for suspended particles or 
precipitates filtered out of the sample water.
Sulfide concentrations were m easured with a  Lazar model IS-146 sulfide- 
hydrogen sulfide probe within a few hours of collection. The probe was calibrated 
with standards prepared following the procedure recommended by the manufacturer. 
The minimum detection level was about 0.1 ppm and the precision better than ± 1 
per cent.
The titration for alkalinity was performed following the procedure of Gieskes 
and Rogers (1973). The pH versus volume of titrant used w as plotted and the 
inflection of the curve near the pH of 4.5 was used to determine volume of titrant 
used to calculate the total alkalinity. The total alkalinity value w as corrected for 
borate alkalinity (Lerman, 1988) assuming seawater values for borate 
concentrations, and correcting for variations in pH. The estimate the carbonate 
alkalinity has a  precision of approximately +/- 0.01 millimoles per liter 
(mmol/L). The titration technique was designed to evolve any H2S a s  a  gas to avoid 
using a correction for that factor. Nitrate alkalinity in the form of ammonia was
1 0 0
neglected because its concentration should be negligible in seawater with pH values of 
8 or less (Gieskes and Rogers, 1973).
The analyses of calcium concentrations was performed by Inductively Coupled 
Plasma Atomic Emission Spectroscopy (ICP). The results of seawater sam ples were 
compared with typical seaw ater values (Broecker and Peng, 1988) which indicated 
the data  had a  precision of approximately ± 4 per cent and an accuracy of ± 6 per cent 
and a  total error of ± 10 per cent.
Results
Respiration /  Flux Constituents. The dissolved oxygen content of the seaw ater 
and porewater reported in Table 3.2.2 ranged from about 2.5 x 10'4 mol/L in 
seaw ater to essentially zero in the d eep est wells (Figure 3.2.4). There w as a  rapid 
decline in dissolved oxygen from the normal oxygenated seawater and shallow reef 
porewater to the concentrations m easured in the shallow wells. The concentrations 
usually continued lesser declines to the deeper wells. Occasionally at som e sites, the 
1 m well had a  lower oxygen content than the deeper well. This may be from a  
sampling bias due to the heterogeneity of pore sizes or due to irregular connections to 
the reef surface. There was no apparent diurnal trend in dissolved oxygen 
concentration in any of the wells (Figure 3.2.5). Near anoxic porewater w as 
observed within the upper m eter of the surface in the backreef but up to two meters 
or more deep in the forereef (Figure 3.2.6).
Porewaters that displayed m easurable hydrogen sulfide were also within the 
anoxic zone of the backreef, with the highest values in the shallow well TB9 at site 3 
(Figure 3.2.6). The deeper wells in the backreef also showed measurable H 2S,
although in lower concentrations. Additionally, hydrogen sulfide odor was noticed in 
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Figure 3.2.4. Dissolved oxygen concentration values show a  sharp decrease 
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Figure 3.2.5. Dissolved oxygen concentrations sampled at different times of day at site 3 
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Figure 3.2.6. D istribu tion  of d isso lved  oxygen (DO) co n cen tra tio n  zones. These Include the  oxic zone 
(> 4ppm), an In te rm ed ia te  zone (2 to  4  ppm) and the  low to  anoxic zone (< 2 ppm). The zone of 
m easu rab le  hydrogen su lf id e  c o n cen tra tio n s  Is outlined. The occu rences of Iron-oxlde p re c ip ita te s  
(Ind ica ting  reduced Fe in the  p o rew ate r) from f i l te re d  sam p les  a re  a lso  Indicated.
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The high concentration a t TB9 is very likely the result of a  local zone of lower 
permeability allowing an  accumulation of sulfate reduction byproducts.
Iron-oxide precipitates were observed on the filter paper from som e of the 
sam ples. This condition w as most pronounced in the deep wells of the reef crest and 
forereef as noted in Figure 3.2.6. The Fe-oxide precipitates suggest that reduced 
iron was present in the w ater when it w as sam pled and was subsequently oxidized and 
precipitated during the filtration p rocess.
Diagenetic Coatings 
Types: Coatings that are sensitive to oxidizing or reducing environments 
(redox) were prominently evident in cores and surface samples. Those observed 
included manganese oxides (Mn-oxides), iron oxides (Fe-oxides), and iron sulfides 
(Fe-suifides). In addition, elem ental sulfur was detected by SEM/EDS analysis.
Fe-oxide and Mn-oxide coatings appear as  discrete laminae up to a  about 10 
pm thick, and occasionally occur in multiple horizons. If more than an exterior layer 
is present, the coatings may begin at the surface of a  coral skeleton, continue as 
interlaminations with internal carbonate  sedim ent or micritic cem ents in coral 
voids, and coat the p resen t sedim ent exterior. Mn-oxides coat vertical conduits 
through the sediment and  the underside of large reef rubble fragments (Figure 
3.2.7). In SEM views, the Mn-oxide appears a s  deposits of small mammallary 
structures. Fe-oxide ap p ea rs  a s  a  transparent yellow to opaque ’rusty" red coating, 
usually on the bottom of larger rubble fragments (Figure 3.2.8). In SEM views, the 
Fe-oxide coatings appear a s  smooth m assive deposits.
Fe-sulfides do not occur a s  discrete crusts and are more dispersed in reef 
sedim ents. They appear in hand sam ples as  a  grayish discoloring of corals and 
sedim ents, usually along the margins of voids, borings or outer surfaces. Under the 
light microscopic, the Fe-sulfides ap p ear a s  very small patches of sem i-opaque
1 0 4
Figure 3.2.7. Manganese oxide coatings on reef sedim ents.
a. Coral, in core TB14, with cem ented sedim ents and a black, Mn-oxide
coating the walls of a conduit through the sediment.
b. SEM image of a Mn-oxide coating, core TB4.
c. EDS spectrum showing the m anganese peak (along with Ca and Mg from
carbonate minerals, Cl from sodium chloride and Al from the stub).
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Figure 3.2.8. iron oxide coatings on reef sediments, core TB12.
a. Coral fragment with Fe-oxide coating on bottom.
b. Thin-section photomicrograph (crossed polars) with iron and m anganese
coatings interlaminated with micritic sediments, within a  coral.
c. EDS spectrum showing the iron peak (with Ca, Cl and Al peaks from
associated minerals and the stub).
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brown colored deposits. They typically occur with internal sedim ents and are very 
common within the thalli of coralline algae (Figure 3.2.9). The sulfides appeared as 
small spheres in SEM views and were identifies with EDS elem ental analysis.
Elemental sulfur, which had not been observed with the light microscope, was 
also observed with SEM imagery (Figure 3.2.10). The sulfur appeared  a s  smooth 
surfaced, blocky deposits with possible cleavage surfaces.
Distribution: Iron and m anganese oxides occur in stratigraphically consistent 
bands trending across the reef trend, rising toward the backreef (Figure 3.2.11).
The Mn-oxide and Fe-oxide zones are up to several 10s of cm thick in the forereef but 
becom e com pressed to a  few cm in the backreef. Mn-oxide occurs as the 
stratigraphically uppermost coating, nearest to the reef surface. The Fe-oxides are 
lower than the Mn-oxides in the forereef and c rest but essentially m erges with the 
Mn-oxide zone in the backreef where both zones w ere very shallow. Iron-sulfides 
typically occur stratigraphically below the Fe-oxides. However, near the transition 
zone to oxide coatings, the Fe-sulfide deposits may occur in the poorly ventilated 
interior of som e larger fragments. The Fe-sulfide zone appears to extend to an 
undeterm ined depth beneath the oxide zones, presumably to the base  of the reef.
A comparison with the dissolved oxygen content of porew aters displays a  broad 
correlation with the vertical trends observed in the porew ater (Figure 3.2.12). The 
iron and  m anganese oxides occur in the oxic to suboxic zones. Iron-sulfides are found 
within the low to anoxic zone (and in the interior of som e com ponents in the lower 
suboxic zone). The thickness of both the porewater oxygen concentration zones and 
the coating horizons display a  correlation of a deeper extent of more oxic conditions in 
the forereef than in the backreef.
Figure 3.2.9. Iron-sulfide deposits.
a. Fe-sulfides dissem inated within a coral in the lowest portion of core TB12,
sited on the forereef.
b..SEM image of Fe-sulfide spherical precipitates in a coral, core TB1-9.
c. EDS spectrum showing the Fe peak with a large sulfur peak (with Ca, Mg,
Na, and CL from associated minerals and salts).
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Figure 3.2.10. Elemental sulfur deposits.
a. SEM image of sulfur deposit in a coralline algal thallus, core piece TB1-
1 2 .
b..Enlargement of sulfur deposit in image 3.2.10a. The sulfur is the smooth 
surfaced deposit with indications of lathlike crystals or cleavage 
surfaces.
c. EDS spectrum showing the prominent sulfur peak without any associated
iron (with other peaks from carbonate minerals).
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Figure 3.2.1 1. Distribution of oxide and sulfide coatings w ith in  Tague Reef.
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Figure 3.2.12. Comparison between the distribution of oxide /su lf ide  coatings 
and dissolved oxygen concentrat ions  In the porewater (oxic, In termediate,  
and low to anoxic zones).
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Carbonate Geochemistry 
The pH values of porewater, reported in Table 3.2.2, within the upper 20-30 
cm of the reef are essentially identical with normal seawater values of around 8.2 
(Figure 3.2.13). The pH values of the porewater in the interior of the reef are 
distinctly lower than normal seaw ater values, decreasing to near 7.0 at a depth of 2 
m. Most of the change in pH was m easured within the first meter into the reef. When 
viewed by site, pH values decrease with depth more rapidly at backreef sites as 
compared to forereef sites (Figure 3.2.14).
The decrease in pH with depth was investigated to determine if it was 
associated with the extent of biological respiration. The release of carbon dioxide as a 
byproduct of respiration should lead to a decrease in pH. The general reactions that 
are involved are (Ben-Yaakov, 1973, Tribble, 1990):
O2 + CH2O => CO2 + H2O (Aerobic respiration)
CO2 + H2O => H2CO3 => H+ + HCC>3~ (Formation of bicarbonate)
A comparison of dissolved oxygen concentrations with on-site pH values (Figure 
3.2.15) indicates that pH decreases as DO decreases. This suggests a link with 
intrareef respiration processes.
The changes of alkalinity values from seawater to reef porewater were less 
well defined than the change in pH. Some wells have higher values than seawater and 
other wells somewhat lower (Figure 3.2.16). The highest alkalinity values, 
however, are from the wells (particularly TB9) which contain high hydrogen sulfide 
concentrations, suggesting sulfate reduction is responsible for increasing the 
alkalinity.
Carbonate Saturation Values The thermodynamic potential for carbonate 
cementation to occur in the porewater can be estimated from the measured carbonate 
alkalinity (Ac), dissolved calcium concentrations and pH values. The carbonate 
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Figure 3.2.13. This graph shows the relationship of onsite m easured pH 
values of porewater versus the depth of the sample. The pH of porewater 
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Figure 3.2.16. The variation of alkalinity values with depth into the reef.
carbonate anion {CO3 " )  from the thermodynamic relationship (Park, 1969):
M CO3 "  = ________Ac_______ 1
2 + (1 0 E*Ph / K2)
K2 is the dissociation constan t for carbonate ions from bicarbonate (HCC>3 ') in 
seaw ater (M ehrbach et al., 1973). The values for CO3"  concentrations calculated in 
this study a re  reported in Table 3.2.2. It is significant that the concentration of CC>3 ’ 
• is an exponential function of pH and a  linear function of alkalinity. Therefore, a 
small change in the am bient pH strongly influences the carbonate ion concentration 
w hereas a small change in alkalinity has a  much less significant effect.
The concentrations of C a++ and CO3 ” are used to calculate the saturation 
values of carbonate  cem ents based  on empirically determined solubility values for 
aragonite and  Mg-calcite. A stoichiometric solubility constant (Ksp) has been  
determined for aragonite in normal seaw ater with a salinity of 35  part per thousand 
(ppt) and a t 25° C and s e a  surface p ressures (Morse et al., 1980). The Ksp value 
was based on the observed concentrations of calcium [Ca++] and [CO3 "] in seaw ater 
(SW) in equilibrium with a  solid aragonite mineral phase.
KspARAG = [Ca++][C0 3 " ]sw  (K SpARAG = 6.65 x10 ' 7 m oles2/kg2) 
The m easured calcium carbonate  solubility product (O) is then calculated a s  the 
product of the calcium concentration and the carbonate ion concentration:
Q = [Ca+ + ][C03--]
The saturation s ta te  {Q) of aragonite is determined as the ratio of the m easured 
solubility p roduct to the stoichiometric solubility constant in seaw ater: 
fi = Q/KspARAG
The solubility behavior of Mg-calcite cem ents in seaw ater is le ss  well understood. 
According to Bischoff et al. (1987) the m ost reliable solubility value for Mg- 
calcites of typical cem ent compositions is approximately the sam e  or a  slightly
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greater solubility than aragonite. The Mg-calcite solubility was considered 
qualitatively the sam e as aragonite for the purposes of this study.
The calculated concentration of CO3"  decreases sharply from surface 
seawater values due to the decrease of pH values. As noted above, the pH decreases 
significantly within the first meter of the surface and then appears to stabilize at 
about 7.0 to 7.5. The control of reef porewater pH on the aragonite saturation state 
is illustrated by Figure 3.2.17. In this diagram, the ambient pH is plotted against 
the calculated saturation values for aragonite. The seawater and shallow surface 
samples fall in a population distinct from the deeper, well samples which have values 
very close to saturation or undersaturation (saturation =1). The samples from well 
TB9, which display higher alkalinities apparently due to biological sulfate reduction, 
have only slightly higher saturation values than other samples with similar pH 
values.
The upper portion of the reef and shallowest wells were all saturated with 
respect to aragonite or Mg-calcite (Figure 3.2.18). The samples showed decreasing 
saturation values with depth to the point of undersaturation at the 1 and 2 meter well 
depths. The deepest wells may be significantly undersaturated with respect to 
aragonite or Mg-calcite.
The cross-reef distribution of calculated aragonite saturation values suggest 
that supersaturated conditions are prevalent in the upper portion of the forereef and 
reef crest (Figure 3.2.19). Saturation values consistently decrease with increasing 
depth into the reef. The backreef appears generally undersaturated at shallower 
depths than the forereef and reef crest.
Discussion
Respiration/Flux constituents. The variations of porewater constituents 
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Figure 3.2.17. Porewater aragonite saturation values calculated a s  £2 = Q/K. 
Seaw ater and reef surface sam ples are highly supersaturated. Well 
values trend toward undersaturated conditions.
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Figure 3.2.19. Distribution of aragonite saturat ion values In the porewater.  The values are divided 
Into a zone of nea r -seaw ate r  values (>2, supersaturated),  a low sa tura t ion  zone (1 to 2) and an 
undersaturated zone (<I ).
123
the reef pore system . The systematic decrease with depth of dissolved oxygen 
concentrations in the porewater of Tague Reef probably reflects biological 
consumption of oxygen. The presence of hydrogen sulfide, and possibly dissolved iron 
in suboxic to anoxic waters indicates that biological respiration h as  reached an 
anaerobic state in the deeper portions of the reef. The occasional irregular 
concentrations of these  constituents, such as  higher sulfide concentrations in one of 
the shallower wells, may be due to the irregular size and connectivity of subsurface 
voids resulting in the establishment of chemical microenvironments.
The variation of measured dissolved oxygen, H2S and pH values suggest the 
presence of a  chemocline between shallow oxic environments and deeper anoxic 
porewaters. This apparent chemocline occurs within 1 m of the surface in the 
backreef and about 2 m deep in the forereef. The redox gradient is apparently 
supported by the infusion of organic matter and dissolved oxygen at the surface of the 
reef with subsequent biological respiration continuing into the reef. The upper 
portion of the reef is a  zone of influx of dissolved oxygen where aerobic respiration 
dominates the system . Below the chemocline is a zone w here anaerobic respiration 
occurs, and respiration demands exceed the surface input of dissolved oxygen. 
Different microbial communities begin reducing other constituents in this lower 
zone, such a s  sulfate, iron, and m anganese (Disafvo, 1974). Although less 
pronounced in the forereef than the backreef, the overall chemical gradients in the 
reef a re  generally vertically oriented.
The presence of a  redox chemocline is important to the evaluation of reef 
transport p rocesses because its position reflects the capacity of wave driven flow to 
ventilate the upper portion of the reef. The depression of the oxic realm in the 
forereef indicates a  greater flux of dissolved oxygen derived from more vigorous 
wave transport p rocesses. The transition from oxic to anoxic zones does not mark the
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bottom limit of transport, however, because  anaerobic organism s also require 
imported dissolved organic matter or particulate organic matter, and other nutrients.
Mechanisms to Replenish DO in the Porewater 
The m echanism s that may transport dissolved constituents into the reef 
porew ater may be qualitatively com pared, given a  few assum ptions. It is inferred 
from the vertical gradients in porew ater constituent concentrations, that dissolved 
oxygen is relatively rapidly consum ed in the porewater environment, and must be 
replaced. It is assum ed that the field observations reflect approximately steady-state 
conditions. The possible m echanism s for this replenishm ent are diffusion and/or 
advective flux.
Diffusive flux. Molecular diffusion of dissolved oxygen is driven by the 
concentration gradients set up by the consumption of dissolved oxygen during 
respiration. The diffusive flux of dissolved oxygen in a  sedim ent may be calculated by 
a  theoretical diffusion coefficient (D*) from the diffusion coefficient in seaw ater 
water (D°). The coefficient for dissolved oxygen was estim ated using the Wilke and 
Chang equation as  described in Lerman (1988) where:
D° = 5.06 x 10-9 I
il (V)0 -6
Viscosity, tj seaw ater = 1.5x1 O' 2 g/cm sec  
Tem perature, T(Kelvin) = 298
Molar volume, O2 . V = 27.9 cm3 / mole (Lerman, 1988)
D° = 1.4x1 O' 5 cm2/se c  (cf 2.3x10"5 cm2/se c  in pure water, Lerman, 1980)
The molecular diffusivity of a  g a s  in a  seaw ater saturated  sedim ent (D*) is 
further defined (Lerman, 1988) by:




Porosity, o = 0.3
Tortuosity: (8 ) (pore path length divided by linear distance, assum ed equal to 2) 
Therefore the sediment diffusion coefficient is:
D* = 1.4x1 O' 5 cm2/sec 10.3) «= 3.4x10 ' 6 c m 2/s e c  = 3.4x10 ' 10 m 2/sec
(2)2
The diffusion coefficient is multiplied by the observed concentration gradient 
(AC/Az) (Lerman, 1988) to calculate the possible flux of dissolved oxygen. The 
molecular diffusive flux (Jq) in a sediment with an effective porosity (o) of 0.3 was 
estimated by:
J p  = D* 0  AC/Az
D* = 3.4x10’10 m2/s e c  
The concentration gradient at site 3 w as established from a concentration 
difference of 2.5x1 O' 1 moles DO/m3 to nearly zero moles DO /m3 over 
approximately 2 meters of depth into the reef. The observed gradient was therefore 
approximately 1.3x10*1 moles/m. The resultant flux from molecular diffusion is 
estimated to be:
= 1.3x1 O' 11 moles DO/ m2 sec 
= 1.1 x10‘e moles DO/ m2 day 
It appears that molecular diffusion could only supply a  few millionths of a  mole of 
dissolved oxygen per square meter per day for the established dissolved oxygen 
concentration gradients in Tague Reef.
Advective flux. The potential flux from advective processes (Ja= 
kg/m 2/s))calculated by multiplying a net porew ater specific discharge (q: 
m3 /m 2/sec) by the concentration of the constituent (C) in the seaw ater (C[DO]: 
m o le s /m 3) (Berner, 1980).
J A = q  x [C]
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A hypothetical net vertical transport of seaw ater into the p o re  system  may be 
estimated in Tague reef to be one tenth of the typical instantaneous wave driven 
velocity m easured  during the study. This value would be on the order of 1 0 '7 
m3/m 2/sec . For the transport of dissolved oxygen in the upper portion of the reef, 
the advective velocity multiplied by the concentration of 2 .5  x10 ' 1 m oles DO/m3 
results in a  possible flux of:
= 2.5x1 O’8 m oles/m 2 sec  
= 2 .2 x10 "3 m o les /m 2 day 
The estim ated rate of advective flux from wave forcing m ay be 2,000 tim es more 
effective than the estim ated molecular diffusion flux. Very likely, without advective 
transport, the reef would becom e totally anoxic and not support the observed 
dissolved oxygen concentrations.
Diagenetic Coatings 
The patterns of oxide and sulfide coatings suggest that iron, m anganese and 
sulfate are reduced by organic activity in the anoxic portion of the reef. Som e of the 
iron and sulfide are  precipitated a s  iron-sulfides. Some of the  sulfide is oxidized and 
precipitated as  elem ental sulfur. Iron and manganese are  precipitated a s  oxides in the 
oxic to suboxic portions of the reef. The occurrence of coatings a s  multiple horizons 
from bare coral to the present exterior of pieces indicates that there m ay be som e 
episodic mixing of pore w aters or vertical fluctuation of the  p resen t oxic/anoxic 
interface. Between oxic coatings a re  deposits of micritic sed im ents and perhaps 
microcrystalline cem ents. These occurrences are not w idespread  (they are only 
observed in the shallow portion of TB12) and may result from very localized 
alterations of porew ater flowpaths or sedim ent accumulation.
The source of dissolved Fe and Mn is not known, although it is probable that 
they accum ulate over a period of time and may be recycled through biological
processes. The coatings may therefore exist in a state of dynamic equilibrium 
between the reduced state through biological reduction and the oxidized state through 
inorganic precipitation. There were no organic materials observed on the coatings to 
indicate this was occuring, however. Possible sources of Fe and Mn are windblown 
siliceous dust deposited on the reef (Hubbard, 1989) or the degradation of imported 
biological materials.
The distribution of the oxide/sulfide coatings support the theory of porewater 
movement driven by oceanographic forces. It is inferred that porewater is moved 
downward and Fe, Mn and sulfate are reduced. Subsequently, Fe-sulfides may 
precipitate as observed in cores. The deeper, reduced porewater may then be 
transported upwards where dissolved Fe and then Mn are oxidized and precipitated, 
forming the ascending Fe-oxide then Mn-oxide coating horizons also observed in 
cores. The upward porewater movement is presumed to be a simultaneous 
countermovement to the downward flux. Some of the vertical exchange occurs within 
conduits, as observed in core sam ples and illustrated in Figure 3.2.7.
Despite the high frequency fluctuations of physical forces on the surface, the 
discrete nature and relative thickness of the oxide layers indicates they occupy a 
vertically stable environment. This would suggest that they represent a long-term, 
time averaged position of porewater geochemical environments within the reef. The 
transition from the oxide coating zone to the Fe-sulfides may represent the maximum 
depth to which oxygen is transported, in constant but decreasing concentrations.
Below this, in the Fe-sulfide zone, the flux of oxygen less than the consumption by the 
aerobic microfauna, and the system  presumably changes to anaerobic metabolic 
pathways.
Comparison with other reefs. The observations may help explain other 
references of "dark coats” o r "submarine iron staining" in modern reef sedim ents 
(Jam es and Ginsburg, 1976, MacIntyre, 1977, Lighty, 1985, Marshall, 1985 and
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others). For exam ple, Lighty (1985) reported subm arine "iron staining" in a 
drowned reef off the Florida coast. His observations of coatings appear similar in 
type and distribution to the Tague Reef coatings. B ecause both reefs occur in similar 
oceanographic settings and have similar, bank-barrier morphologies, it is reasonable 
to suggest that the coatings are derived from similar p rocesses. The fact that the 
coatings observed by Lighty (1985) are in older Holocene sedim ents suggest that the 
coatings may be stable in inactive reefs for long periods of time.
Land and Moore (1980), MacIntyre (1977) and Jam es and Ginsburg (1976) 
d iscuss similar coatings in Holocene reef sedim ents in the context of microhiatal 
surfaces. The source of m anganese and iron contained in these surfaces may be from 
the sam e biological processes, but the association with a corroded sediment surface 
requires erosional processes that are not apparent in Tague Reef. The larger scale 
layering of gray and tan colored zones in a  fringing reef in Panam a (MacIntyre,
1977) suggest either multiple periods of coating deposition or, perhaps the effects of 
heterogeneous groundwater flow.
Carbonate Diagenetic Reactions
The calculation of saturation values for the porewater samples suggests that 
there are variations in the thermodynamic potential for carbonate cementation to 
occur. Shallow porewater appears to be supersaturated with respect to aragonite and 
Mg-calcite across the reef, indicating a high thermodynamic potential for 
cem entation to occur. Continued biological respiration in the reef interior appears to 
decrease  saturation values to where the potential for cementation is low. In some 
cases , the porewater saturation values may even induce dissolution of carbonates.
The vertical change to decreased  saturation conditions are more rapid and pronounced 
in the backreef. This may result from reduced flux of supersaturated seaw ater into 
the system  relative to biological activity.
The field data can be used to indirectly evaluate chemical processes that may 
have occurred in the evolution of porewater within the reef. The processes include 
dissolution or precipitation of aragonite and/or Mg-calcite, aerobic respiration and 
biological sulfate reduction (BSR). A plot (Figure 3.2.20) of carbonate alkalinity 
versus total dissolved carbonate concentration (TDIC) should be sensitive to these 
processes. On such a  plot, alkalinity exhibits a 1:1 increase with TDIC from 
biological sulfate reduction. Alkalinity increases 2:1 over TDIC with dissolution of 
carbonate minerals or an equivalent decrease with carbonate precipitation (Park, 
1969, Tribble, 1990). TDIC increases due to aerobic respiration with no change in 
alkalinity (Park, 1969, Broecker and Peng, 1988) for a 0:1 alkalinity to TDIC 
relationship.
The values for Tague reef samples displayed in Figure 3.2.20 show a distinct 
separation of seaw ater and shallow reef surface water sam ples. Deeper porewaters 
have higher TDIC and a  wider range of carbonate alkalinity values. The largest group 
of porewater alkalinity values were slightly lower with respect to seawater. The 
increase in TDIC is indicative of aerobic respiration affecting the samples. The slight 
decrease of alkalinity suggested that carbonate precipitation may be taking place as 
the porewaters pass through the upper reef surface into the deeper portion of the 
reef. A large increase in alkalinity is shown by a group of samples collected from 
TB9, which also has the highest hydrogen sulfide concentrations. This trend appears 
related to biological sulfate reduction. The slope of the line connecting the range of 
porewater sam ples w as very nearly one (1.04, R = 0.98) which indicates that 
biological sulfate reduction was an important process affecting the system in that 
location but that carbonate dissolution did not appear to b e  a  significant process 
within the porewater environment at TB9.
These results are somewhat different from data reported from a Hawaiian reef 
by Tribble (1990). His study reported a linear trend in alkalinity versus TDIC with
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Fig 3.2.20 Possible reaction pathw ays in reef porewater include aerobic respiration 
(A. resp), biological sulfate reduction (BSR) and carbonate precipitation (carb pcpt) or 
dissolution (dissl). (Solid arrows: suggested  Tague reef reaction pathways).
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a  slope greater than one, indicating that carbonate dissolution was occurring within 
the reef interior (Figure 3.2.21). In addition, there does not seem to be a decrease 
in alkalinity from seaw ater in the Pacific reef data (Tribble, 1990), which may 
indicate that little or no precipitation had taken place at that particular site. Data 
from Sansone et al. (1988) is more similar to the  Tague reef data, showing a  similar 
initial decrease in alkalinity with the simultaneous increase in TDIC. Data from 
Jam aica (Pigott and Land, 1986) appear neither to have a suggestion of dissolution 
or precipitation of carbonate minerals.
Conclusions
The porewater near the reef surface is well oxygenated, apparently by 
advective flushing with fresh seawater. The reef core is anoxic due to the cumulative 
consumption of dissolved oxygen from biological respiration. Dissolved oxygen 
concentration gradients, the presence of H2S, and dissolved Fe suggest that a  redox 
chemocline exists at a depth within the reef at about 2 m in the forereef and about 1 
m in the backreef. The depth of the chemocline suggests a qualitative measure of the 
efficiency of surface forces to advect porewater down into the reef. The change in 
depth of the chemocline may reflect the variation in the intensity of porewater 
exchange across the reef zonation. Diagenetic oxide and sulfide coatings support the 
suggested pattern of porewater geochemical environments. The presence of relatively 
durable coatings suggest that these environments are stable through time, at least on 
the scale of the accretion rate of the reef surface.
Tague Reef porewaters are apparently supersaturated with respect to 
aragonite and/or Mg-calcite within the upper 1 m or so of the reef surface making 
carbonate cementation there thermodynamicafly possible. Higher saturation values 
occurred deeper in the forereef and reef crest than the backreef. Aerobic respiration 
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Figure 3.2.21. A comparison of alkalinity/TDIC trends am ong studies in Jam aica, 
Hawaii, Australia and this study. The general trends are similar, however the 
steeper slope of the Hawaiian data suggests dissolution may be ocurring.
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saturation values of aragonite and Mg-calcite to undersaturation at depth. This 
suggests that the vertical potential for cementation is diminished by organic activity 
and is limited effectively to the upper, oxic zone. This distribution also supports the 
hypothesis that the control of the carbonate cementation potential is related to the 
surface forces driving porewater flow.
Alkalinity and TDIC values suggest that precipitation of carbonate minerals 
may have occurred within the upper portion of the reef before downward migrating 
porewater reached wells located 1 to 2 m deep. Biological sulfate reduction 
significantly increased m easured bicarbonate concentrations in isolated locations. 
These increases, however, are still too small to reverse the trend of lowered 
aragonite saturation values produced by reduced pH values.
CHAPTER FOUR: HYDROGEOLOGICAL MODELS
4.0 I n t r o d u c t i o n
This section models aspects of wave motion in order to investigate conditions 
in which the sense  of net porewater flow remains ambiguous. In Chapter 2, the 
magnitude and pattern of instantaneous porewater velocities were estimated from reef 
porewater pressure data, but the net transport caused by waves was uncertain. It is 
apparent that a  net flux of constituents into the reef occurs, however. Biological 
respiration appears to be very active within the reef, as  illustrated in Chapter 3. It 
is reasonable to presum e that maintaining this biological activity requires a 
continuous input of raw materials (This study, Sansone, 1985, Buddemeier and 
Oberdorfer, 1986, Tribble, 1990). Numerical models are used  to investigate subtle 
aspects of wave motion that may drive this inferred porewater flow.
Several aspects of wave dynamics are investigated, including flow forced by 
symmetrical and asymmetrical waves and waves of m ass translation. The motion of 
oscillatory waves is analyzed in both the Eulerian and the Lagrangian reference 
fram es (Longuet-Higgins, 1969). The analyses use simple symmetrical linear 
waves as  approximations of waves passing over the forereef and backreef. Wave 
kinematics at the reef crest, where wave breaking occurs, are analyzed by 
constructing asymmetric linear waves.
In addition, mechanical mixing of porewater on a small scale is investigated as 
a  potential source of net transport (Bear and Verruijt, 1987). Mechanical mixing 
has been suggested as  equally or more important than wave dynamics for inducing net 
transport (Carter et al., 1987, 1988, 1989, Buddemeier and Oberdorfer, 1988, 
Tribble et al., 1988).
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An important potential u se  of the m odels is to predict flow magnitudes at 
different points across the reef w here wave pressure data were not measured. A 
model that incorporates water depth, wave heights and hydraulic conductivity is used 
to provide estim ates of the m agnitude of flow through the sediment/water interface 
across the reef surface and down into the reef (Riedl et al., 1972).
Finally, sustained gradients m ay also exist across the reef surface and  serve 
as  m echanisms for continuously forced porew ater flow {Buddemeier and Oberdorfer, 
1988). Wave setup (Tait, 1962) is a  recognized process on Tague Reef (Lugo- 
Fernandez, 1989) and may produce susta ined  gradients in the zone where w aves 
break. This mechanism is m odeled with the finite-difference model MODFLOW based  
on field data (MacDonald and Harbaugh, 1988). Non-Darcian, conduit flow 
potentially occurs within burrows or borings and is also analyzed a s  a m ass transport 
process.
Energy transfer to the seabed. Putnam  (1949) and Reid and Kajiura (1957) 
calculated the dissipation of w ave energy due to "leakage" of flow into a  perm eable 
seabed as  a  wave passes overhead. Putnam  (1949) used potential flow theory to 
calculate the dissipation of wave energy due to the percolation process. He assum ed: 
(1) the s e a  bottom w as flat an d  uniformly perm eable; (2 ) motions in both the water 
column and the porous medium w ere two-dimensional; (3) viscous flow prevailed in 
the porous medium (Darcy's law w as applicable) and (4) flow was incompressible. 
Specific boundary conditions for the analysis included: (1) pressure variations at the 
sea  bottom varied as  a  sinusoid; and (2 ) the seab ed  had an impermeable boundary at a  
specified depth. Putnam (1949) solved for the distribution of the flow potential 
from the continuity equation an d  Darcy's law for the particular boundary conditions. 
Results from that study showed that flow from the water column went into the seab ed  
directly under the wave crest and  out under the trough. The most important 
observation for the present study is that the flow potential propagates through the
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porous medium at the wave velocity and in phase with the wave profile. This 
simplifies the mathematics needed to predict flow within the porous medium, and 
allows the flow to be calculated from simple pressure recordings at the seabed.
The assumptions used by Putnam (1949) may be reasonable for Tague Reef 
because the surface of the reef has a low slope and the permeability of the sediments 
is fairly uniform. The sandy matrix of the reef assures that Darcy's Law is 
applicable (Enos and Sawatski, 1981, Buddemeier and Oberdorfer, 1988).
Reid and Kajiura (1957) adapted the Putnam approach but in a more rigorous 
model of wave induced flow and corrected a  minor arithmetic error. Their numerical 
solution w as used in this dissertation to directly calculate pore velocities and orbital 
path lengths of flow within the reef. They used the assumptions of Putnam except 
allowing for an infinitely deep porous medium. However, they began with a 
differential equation for motion in the porous medium with acceleration terms that 
Putnam ignored. Their solution used a  simple harmonic, exponentially damped wave.
Reid and Kajiura (1957) also calculated streamlines in the water column and 
the seabed. Figure 4.0.1 illustrates the location of vertical flow in the water column 
as 7t/2  out of phase with the wave profile and that of the porous medium n out of 
phase. As the permeability becomes small, the discontinuity in velocity magnitude at 
the se a  bottom becomes close to Putnam’s solution.
Experimental verification. Sleuth (1970) m easured isochromatic wave 
pressure variations in an experimental sand bed in a  wave tank to evaluate Putnam's 
(corrected) equation for predicting pressure variations. Sleuth found an acceptable 
agreem ent between the wave theory and his empirical data. In particular, he noted no 
measurable wave phase offset or delay between the incident wave pulse and the 
m easured transmitted signal, although it should be  noted that the sand bed was only a 
foot or so thick so that any phase delay may have been immeasurably small for that 
particular experimental setup.
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Figure 4.0.1 Streamlines calculated from an  analytical 
solution for flow within a porous seabed due to wave 
forces imposed on the surface (after Reid and Kajuira, 
1957). Arrows indicate the direction of flow within the 
water column and the seabed.
Net flow determination. Longuet-Higgins (1969) noted that Eulerian 
estimates of mean flow across a  stationary point do not equal values for net transport. 
Rather, one must follow a w ater particle along its path in the Lagrangian reference 
frame as it is exposed to different velocity gradients, in this case  depth dependent.
For the numerical solution to the equation developed by Reid and Kajiura (1957), the 
Lagrangian velocities were estim ated numerically by making the axes of the two- 
dimensional flow follow the particle through its orbital pathway. The vertical and 
horizontal pressure gradients were recalculated for each step to account for changes 
in pressure due to changes in water depth of the particle.
Flow Intensity. Riedl e t al. (1972) used an integral approach to determine 
wave driven flux across the seabed . Their purpose was to predict how deep dissolved 
oxygen could be mixed into the se a  bottom to influence the ecology of infaunal 
organisms. They determined the gross flux of porewater driven through a unit area of 
the sea  bottom (the sum of upward and downward flux) by integrating the wave 
equation (including boundary layer effects) over the wave length and period. The 
basis for the model was essentially identical to the Reid and Kajiura (1957) model. 
This model was very useful for predicting gross vertical exchange across the 
sediment/water interface for different wave param eters, reef permeabilities and 
water depths as might be encountered on a  transect across the reef.
4.1 Wave Dynamics
Oscillatory gradients generated by wind waves and swell are the forces of 
greatest interest for this study. Tides and infragravity waves can also be analyzed as 
oscillatory wave a t single points on the reef. They exhibit small changes of magnitude 
with time but they may be important for the quasi-sustained pressure gradients they 
generate  across the reef crest (Lugo-Femandez, 1989).
High Frequency Wind waves and Swell 
The forcing from wind waves and swell was investigated as  a  mechanism for 
driving net porew ater flow. Below are the results of modeling: (1) Symmetrical 
waves using Euierian and Lagrangian reference frames; and (2) balanced 
asymmetrical w aves (Euierian and Lagrangian approach). Flow descriptors include 
the specific discharge, which is the volume flux of porewater per unit a rea  of 
sedim ent per unit time. This value is useful for determining the flux of chemical 
constituents through the reef. The cumulative specific discharge (CSD) is the volume 
transport through a  unit volume over one wave period, irrespective of the direction 
of flux. This param eter is a  convenient m easure of the intensity of flow driven by an 
individual wave, while avoiding averaging the instantaneous velocities. Pore velocity 
is a m easurem ent of the average or macro-velocity of the porewater and is used to 
estim ate porewater motion from the specific discharge. This param eter may be used 
to relate specific discharge values to the spatial distribution of chemicat/diagenetic 
zones within the reef. Another useful descriptor is the pore velocity orbital (PVO), 
which is the circumference of a wave orbital that a  hypothetical porew ater particle 
travels over one wave period.
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Methods
A numerical code, henceforth termed WAVE (Appendix C), w as programmed to 
evaluate the analytical w ave model developed by Putnam (1949) and Reid and Kajiura 
(1957). This code w as u sed  to investigate flow motion on a  very small scale . WAVE 
uses Darcy's Law in combination with flow potentials generated from linear wave 
equations for incom pressible flow. The Reid and Kajiura (1957) model h as  an 
infinite depth bottom boundary condition. For geologically realistic situations, the 
momentum equations for the porous medium have negligible acceleration term s. The 
modeled porew ater flow velocities vary horizontally and d ec rea se  exponentially with 
depth as  a  function of the pressure variations from the wave form. Numerical 
approximations of the horizontal and vertical velocity com ponents with geologically 
reasonable values for permeability are presented, with the com puter code for 
calculating porew ater fluxes, in Appendix C. The flow vectors w ere sequentially 
calculated as the waveform w as moved in 100 time steps through a  ten second  wave 
period. Cumulative flow w as estim ated by summing these velocities over the wave 
period and the net d isplacem ent of a  water particle was calculated.
The groundw ater flow model, MODFLOW (MacDonald and H arbaugh, 1988) 
(Appendix C), w as u sed  to m ake preliminary evaluations of wave generated  head 
distributions on the sca le  of m eters and estimate mean porew ater velocities. The 
MODFLOW simulation u sed  the sam e grid and conditions a s  in the analysis of porous 
media phenom ena d iscussed  in Chapter 2.
Wave forms
Symmetrical waves. The analysis of a  symmetrical linear w ave profile as  a  
flow driving m echanism  is modeled first because of its simplicity. Lugo-Fernandez 
(1989) found that linear w ave theory provided reasonably accura te  representations
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for waves on both the forereef and backreef zones of Tague Reef. A sinusoidal wave 
with an amplitude of 0.25 m w as used in the models (Figure 4.1.1).
Asymmetrical waves: W aves typically form asymmetrical profiles in the 
breaker zone at the reef crest and it was thought that the large asymmetries in 
instantaneous forces may drive a net porewater motion. If the wave dynamics are 
linear, Fourier decomposition allows consideration of asymmetrical wave forms as a 
sum of symmetrical waves. The WAVE model used a  wave profile determined from a 
spectrum of a typical steep-fronted breaking wave. The spectrum showed that the 
profile was a composite of a  dominant ten second period wave with a prominent five 
second period harmonic wave. The profile was reproduced by visual fit of a 
superimposed, sinusoidal 10 sec  wave and a  five second wave form with a one second 
phase offset (Figure 4.1.2).
Wave bores. Observations of waves breaking over Tague Reef and other nearby 
shallower reefs suggest that som e bore-like wave behavior may occur at the reef 
crest. Wave bores translate w ater rather than maintaining strictly oscillatory 
motion about a mean level (Komar, 1976). Their profiles may approach a solitary 
form where some portion of the m ass of the wave is above a mean water level.
Frames of reference 
Euierian reference frame. The first example of the translation of a  pore 
particle by wave motion is an analysis of mean flow driven by a  sinusoidal wave.
Euierian m ean flow (Longuet-Higgins, 1969) is flow past a stationary observation 
point averaged over an integral number of wave periods.
Lagrangian motion. T he translation of pore particle motion to a  Lagrangian 
reference frame is required to analyze net flow due to wave dynamics (Longuet- 
Higgins, 1969). It was hypothesized that a s  a porewater particle moved vertically, it 
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Figure 4.1.1 Symmetrical, sinusiodal wave profile used in 
modeling particle motion. W ave length is approximate; 
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Figure 4.1.2 Asymetrical wave profile for the WAVE model, 
constructed from a 10 second and  an (offset) 5 second 
sinusiodal waves.
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with depth. This study numerically estimated Lagrangian velocities of a water 
particle along its flowpath by moving the origin of the x and y axes to the calculated 
position of the particle after each time step.
Wave signal
The attenuation of the symmetrical, sinusoidal wave profile pressure 
variations with depth is tabulated in Table 4.1.1. The amplitude with depth has a 
smooth exponential decline (Figure 4.1.3) from 93% of the signal at 0.25 m depth 
into the reef to 21% at nearly 8 m deep. The amplitudes of the waves measured in the 
field as  reported in Chapter 2, are included for comparison.
Flow velocity magnitudes
Symmetrical waves. The Eulerian values for cumulative specific discharge 
(CSD) over a  wave period were calculated for selected depths into the reef (Table 
4.1.2). These values represent the total volume of porewater through a  unit volume 
during the passage of a  single wave. The CSD values range from 9.35 x10-6 m3/m2/ 
wave period (T) at 0.25 meter into the reef to 2.08 x10‘6 m3/m 2/ wave period (T) 
at 8 m eters depth (Figure 4.1.4).
The pore velocity orbital (PVO) has an identical relationship with depth as the 
CSD but with a  greater magnitude (the CSD values are divided by the porosity, n=
0.30). The displacement generated by these velocities over one wave period for a 
conservative porosity value of 30% is 3.1x1 O'5 m/T (31 pm ) at 0.25 m depth, 
down to 6.9 x 10*6 m/T (6.9 pm) at 8m.
Asymmetrical waves. The Eulerian CSD value of 8.84 x10‘6 m ^ m ^ T  from 
the WAVE model (Table 4.1.3) for an asymmetrical wave simulation at a  point 1 m 
deep into the reef is slightly larger than the symmetrical w ave CSD at the sam e depth
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Table 4.1.1 Simulated Wave P ressure Amplitudes from WAVE Model
Depth Tague R eef T ague Reef Tague Reef WAVE
(m) 1010 (sp e c ) 1 0 1 5 (s p e c ) 1 0 1 6 (sp e c )
am p (m) am p (m) am p (m) am p (m)
0.25 0 .2 3 3 0
1 0.2 0.15 0.18 0 .2 0 0 5
2 0.13 0.16 0.1641
3 0 .1 3 4 2
5 0 .0 8 9 9
7.75 0 .0 5 1 7
%  max
0.25 0 .9 3 2 0
1 0 .8 0 2 0
2 0 .6564
3 0 .5 3 6 8
5 0 .3 5 9 6










0.20.0 0.4 0.6 0.8 1 . 0
Fraction of Incident Amplitude 
Figure 4.1.3 Vertical trend of the fraction of the incident wave 












Table 4.1.2 Cumulative Specific Discharge (CSD) Values (Eulerian) for 
Symmetrical Waves
Model Amp Depth CSD dh amp h amp
(m) (m) fm 3/m 2;l0s) (m) %
B2 0.25 0.25 9.35E -06 0.233 93
B1 0.25 1.00 8.04E-OG 0.2005 80
B3 0.25 2.00 6.58E -06 0.1641 66
B4 0.25 3.00 5.39E -06 0 .1342 54
B5 0.25 5.00 3.61 E-06 0 .0899 36
B12 0.25 7.75 2.08E-O6 0.0517 21
B6 0.25 1.00 1.34E-05 0 .1665 67
B7 0.25 1.00 3.72E -06 0 .2073 83
B8 1.00 1.00 3.22E -05 0 .8022 80
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Figure 4.1.4 Vertical trend of the cumulative specific 
discharge for one wave period estimated by WAVE model.
Table 4.1.3 Cumulative Specific Discharge (CSD) Values (Eulerian) for 
Asymmetrical W aves
Model Amp Depth CSO dh amp dh % amp
(m) (m) (m3/m2/10s) (m)
T1 0.38 1.00 1.27E-05 0.3704 9 7
-0 .2392 - 6 3
T2 0.38 1.00 1.27E-05 0.3404 9 0
-0 .3 9 0 7 -1 0 3
T3 0.38 1.00 1.27E-05 0.2719 7 2
-0 .3 5 9 8 - 9 5
T4 0.25 1.00 8.84E-06 0.2409 9 6
-0 .2 1 5 2 - 8 6
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(Sym m etrical: 8.04x1 O’6 m3/m 2/T a t 1 m). The g rea ter flux was most likely due 
to the additional wave amplitude c rea ted  by the superimposed 5 second wave.
Net transport and wave orbitals
Eulerian velocities of symmetrical waves. A useful illustration of the 
oscillatory motion of porew ater over the p a ssa g e  of a  single wave is an orbital 
flowpath. The flowpath rep resen ts  the  cum ulative displacem ent of a  w ater particle 
over a  series of time steps, determ ined  by the pore velocity. The resulting pattern of 
a  wave orbital for the WAVE m odel is symmetrical and  circular (Figure 4.1.5). The 
wave orbital closure, or d istance of w here  it ended up from where it started , w as 
calculated as  less than 1 E '12 m eters. In retrospect, it w as realized that the m ean 
flow of a  linear, symmetrical w ave ca lcu la ted  from linear equations would not show  
any net transport.
Asymmetrical waves. B ecau se  the com ponent velocities were no longer 
symmetrical, the details of the porew ater orbital path derived from the WAVE 
simulation were modified (Figure 4 .1 .6). This w as apparently due to the narrow 
wave crest and broad trough. T he orbital closure w as still essentially com plete, 
indicating there w as also no significant net motion from balanced, asymmetric w aves.
Lagrangian velocities o f symmetrical waves. The instantaneous porew ater 
velocities of the WAVE sim ulations with the Lagrangian reference frame a re  
essentially the sam e as the Eulerian velocities. The most important difference is the 
analysis of net flow. For K= 1 x1 O'4 m /s, the  net displacem ent of the orbital path 
over one  wave period w as approxim ately 1x10‘1°  to1x10*11 m eters per w ave 
period. This velocity would transport partic les only about 1x10*6 m eters per day 
(about 1 pm). At that velocity it would tak e  alm ost 3000 years for a  particle to 
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Figure 4.1.5 Wave path orbital calculated 
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Figure 4.1.6 Wave orbital calculated from an 
asymmetrical wave simulation.
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transport m echanism s. The Lagrangian net displacem ent for the asymmetrical wave 
w as of similar magnitude.
Transport by tides and infragravity waves
Wave motion. Other waves such as tides and long infragravity waves may 
contribute to porew ater flow within the reef. Tidal and infragravity wave motion was 
modeled by WAVE with the wave amplitudes and periods taken from the observations 
m ade by Lugo-Fernandez (1989), and other param eters calculated from shallow 
w ater linear wave theory.
The magnitudes of porewater flow calculated by WAVE for the pure wave 
motion of tides and infragravity waves were, not surprisingly, very small. The CSD 
value calculated for the tide wave w as 5.6x1 O'10 m3/m 2/24hrs and the orbital 
closure w as on the order of 10‘16m. The values for the infragravity wave were 
2.7x1 O'8 m 3/m 2/30min with closure of 10’15m. T hese values are probably 
insignificant for the geological p rocesses of interest.
Cross-reef slope. More important!y, quasi-sustained gradients were 
generated by long period waves, apparently by a  wave phase offset across the reef 
crest (Lugo-Fernandez, 1989). The waves phase offsets are periodic and oscillatory, 
and their intensity varies on both lunar and seasonal frequencies. This type of flow 
w as modeled with short term steady gradients by the MODFLOW model. Simulations 
were run for 3 hours, a typical duration of a  sea  level offset. The grid used for the 
model approximated the reef form (Appendix C). The simulations of both the tides and 
the infragravity waves used a sea  surface slope across the simulated reef crest of 
about +/- 0.01.
Specific discharge values were calculated from the MODFLOW simulations of 
tidal generated sea  level slopes across the reef crest. The values were largest in the
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upper meters of the reef grid at approximately 1.3x10"7 m3/m2/s. These values are 
on the order of one tenth the instantaneous wind wave velocities calculated from the 
field data. For a three hour duration of the sealevel offset, this would result in a  
transport distance of 4.7x1 O'3 m (4.7 mm) for a porosity of 30 percent.
Integral Approach to Porewater Flux
If the results from field measurements and numerical modeling of net 
porewater transport from high frequency wind waves are inconclusive, it is still 
useful to analyze the strength of porewater exchange with the open seawater column, 
across the sediment/water interface or other horizontal surfaces. Values of exchange 
may be compared across the trend of reef morphological zones and with depth into the 
reef. The model developed by Riedl et al (1972) calculates wave driven porewater 
flux by integrating a linear wave equation over the length and period of an individual 
wave. The result is an estimate of the average instantaneous vertical specific 
discharge (QZ), irrespective of direction, across a unit surface area of a  porous 




where k is the intrinsic permeability (m2), a  is the wave amplitude, a  is the wave 
frequency, k is the wave number, v is the kinetic viscosity and d is the water depth.
This equation is potentially very useful for predicting gross vertical flux for 
circumstances where waves periods, wave lengths and water depths are variable, 
such as in a  reef setting, or for different wave regimes, such as during storms, etc. A 
conservative hydraulic conductivity (K) value of 1 x 10'4 m/s was converted to the 
equivalent intrinsic permeability factor, k  (in darcies), used in the model. A
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numerical solution (termed RDL hereafter) developed from this equation calculated 
flow velocities at selected depth intervals into the reef.
Methods. Wave and water depth parameters used in the flow calculations were 
for a typical wave state across Tague Reef as  observed or interpolated by Lugo- 
Fernandez (1989) for a  13.3 second wave. Other wave param eters for the model 
were calculated from shallow water linear wave theory.
Lateral trends. The lateral distribution of the CSD in the reef are listed in 
Table 4.1.4. The CSD values of the 13.3 second waves increased to a peak level of 
5.52x1 O'6 m3/m 2/T in the shallow forereef and reef c rest where w ave heights are 
at their maximum and water depths near the minimum. A comparison of wave 
heights, water depths and CSD values, each normalized to their maximum respective 
value, are presented in Figure 4.1.7. Wave heights are steady up to the reef crest 
while water depths shoal. The relative magnitudes of flow decrease  sharply beyond 
the reef crest toward the lagoon after much of the wave energy had been dissipated.
This figure shows a  markedly inverse relationship of the CSD and w ater depth with 
large wave heights. The magnitude of CSD values fall off sharply after the wave 
heights are attenuated
Depth trends: The depth trend for values of CSD (Table 4.1.5) at selected 
locations, for the 13.3 second waves, (Fig 4.1.8) display the influence of water depth 
and wavelength on the CSD profile. The profiles are nearly vertical and magnitudes 
are less than about 1.50x1 O'6 m3/m 2/T in the deeper portions of the forereef where 
wave heights were small relative to water depth. The profile values in the lagoon 
were even smaller. W here waves w ere highest relative to w ater depth, in the shallow 
forereef and reef crest, the CSD profile has a  steep exponential decay from initially 
larger CSD values.
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Table 4.1.4 Calculated CSD Values From the RDL Model at Selected Depths







RDL values from 13 sec o n d  wave, reef c re s t
Table 4.1.5 Calculated CSD Values From the RDL Model at Selected Depths and 
Locations Across the Reef
CSD vs d (m3lm2Tn I
Depth (m) Shelf 13.3 Dp FR 13.3Ud FR 13.3Sh FR 13 Crest 13.3 Bk Cst 13.3 Bk Rl 13.3 Lon 13.3
In reel i I
0.25 2.2E-06 I 3.1E-06 ; 3.BE-06 I 3.8E-06 5.4E-06 4.0E-06 1.3E-06 6.6E-07
1 2.1E-06 ! 3.0E-06 ' 3.6E-06 I 3.6E-06 4.9E-06 3.6E-06 1.2E-0S 6.3E-07
2 2.0E-06 2.8E-0G 3.3E-06 I 3.2E-06 4.3E-06 3.1E-06 1.0E-0G 5.9E-07
3 1.9E-35 . 2.6E-06 3.0E-06 I 3.0E-06 3.8E-0G 2.7E-06 9.0E-07 5.5E-07
5 1.7E-06 2.3E-06 2.6E-06 I 2.5E-06 2.9E-0G 2.1E-06 G.8E-07 4.7E-07
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Figure 4.1.7 C r o s s - r e e f  t r e n d s  of w a t e r  depth,  w a v e  a m p l i t u d e s  and the  vo lume exchange  a c r o s s  the  

















0 .0 0 e+ 0  1 .0 0 e -6  2 .0 0 e -6  3 .0 0 e -6  4 .0 0 e -6  5 .0 0 e -6  6 .0 0 e -6
C u m u la t iv e  Speci f ic  D is ch a rg e  (m3/m2/T)
Figure 4.1.8 Selected depth profiles of CSD values calculated 
from the Riedl e t al. (1972) model.
4.2 Mechanical Dispersion
The previous section net porewater flow due to waves of different forms and 
frequencies. None of these appeared to produce net vertical exchange that could be 
systematically explain the observed geochemistry of the reef porewater. This study 
suggests mechanical dispersion a s  an alternative mechanism to mean advection for 
generating the observed geochemical indicators of net porewater flux. This 
mechanism was proposed for Tague Reef by Carter and others (1987, 1988) and 
discussed relative to other transport mechanisms in reefs as advective mixing by 
Buddemeier and Oberdorfer (1988).
Mechanical dispersion is a  mixing phenomena caused by porewater velocity 
variations on the scale of individual pores (Bear and Verruijt, 1987, and Lerman, 
1988, Freeze and Cherry, 1979), an analog to Fickian diffusion (Bear and Verruijt, 
1 9 8 7 ) .
A measure of the dispersive mixing is very difficult to predict. In 
groundwater studies, it is usually calculated as some function of pore velocities, or 
the flow path length or som e other porous media dimensions, such as pore widths or 
their spatial distribution (Bear and Verruijt, 1987, Lerman, 1988, Fetter, 1988). 
Gilham and Cherry (1982) discuss mechanical dispersion and find that it may vary 
with scale of the problem, becoming larger as  the scale of the problem increases. 
They also propose that it may increase as the variations in velocity become larger 
relative to the mean velocity.
It is hypothesized that a portion of the volume of each orbital pulse mixes into 
the adjacent orbital. B ecause of the unique flow of this setting, the dispersive mixing 
may also be influenced by wave kinematics, and porous media heterogeneities. The 
mixing phenomenon very likely d ecreases  exponentially with depth in correlation 
with the decreasing porewater velocities.
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Despite the rigor available for a mathem atical analysis of dispersion (Bear 
and  Verruijt, 1987), magnitudes for geological settings are  not easily established. A 
possible aid to the selection of a reasonable estim ate of dispersive mixing for the 
Tague Reef field data  is the residence time of porew ater in the upper region of the 
reef. For the first m eter depth interval, a  single turnover volume is about 0.3 m3 
porew ater/m 2 reef, given a  porosity of 30% . Transport rates have been  estimated in 
o ther settings (Buddemeier and Oberdorfer, 1986, Tribble et al, 1988, Tribble,
1990) to induce a turnover of shallow reef porew ater on the order of one to ten days. 
T h ese  turnover ra tes are, however, for reefs both in different oceanographic settings 
and with different physical components. If th ese  ra tes w ere applicable to Tague Reef, 
they would require a  unidirectional vertical specific discharge of between about 3 
x 1 0 ‘6 to 3 x10 '7 m3/m 2/s  to accomplish the estim ated  turnover rates. For 
com parison, field m easured average vertical specific discharges, reported at a  reef 
c re st location in Chapter 2, were on the order of 1 x10‘6 m3/m 2/s .
If dispersive mixing is described a s  transport by an ‘equivalent velocity', 
using the CSD values of the WAVE simulations, the equivalent velocity must be 20% of 
the CSD or greater to achieve the hypothetical turnover rates. Even larger faclors 
w ere required using the RDL simulation results. T hese percentages appear 
excessively large. It is possible that the turnover rates in Tague Reef are much 
slow er than estim ated in other studies or that the estim ated velocities from models 
a re  too small. In addition, other m echanism s may act together with mechanical 
mixing to achieve the hypothetical turnover ra tes.
O ne appealing aspect of mechanical dispersion a s  a  net transport mechanism is 
the implication that vertical exchange transports seaw ater downward and porewater 
upward at the sam e time. This would effect a  recycling of water vertically through 
the system . If this behavior occurred, it would help explain the development of the 
vertically distributed oxide/sulfide coatings observed  in cores. In addition, the
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mixing transport should also correspond to wave intensities across the reef. It might 
be expected that mixing transport would be greatest in the shallow forereef and reef 
crest, and be significantly diminished in the backreef. The broad correlation of 
vertical transport intensities with the depth trends of porew ater geochemical 
environments supports this speculation.
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4.3  S u s t a in e d  G ra d ie n t s  a n d  O th e r  M e c h a n i s m s
Wave driven setup
The MODFLOW model was used to evaluate porewater flow driven by wave 
setup <Tait, 1972) across the reef crest. Setup is cau sed  by an unequal distribution 
of wave radiation s tress  caused  by breaking waves at the reef crest (Tait, 1972, 
Lugo-Fernandez, 1989). The distribution and estim ated amplitude of the setup on the 
transect w as m easured by Lugo-Fernandez (1989). His results indicate that a  setup 
of approximately 1 cm occurred on the lagoon side of the reef crest and near-backreef 
and a "setdown" on the forereef side of the reef crest of approximately 1 cm also. The 
total amplitude of the setup used in the model is 2 cm (Appendix C). The setup 
displacem ents were modeled to extend laterally for 7.5 m on each side of the reef 
crest, which reflects the observed distance that waves were breaking and reforming. 
The actual width of the reef affected by setup may be larger. The MODFLOW 
simulation w as run for one day, which was thought to be a  reasonable interval for one 
specific wave train to maintain a  particular setup intensity.
Results. The head distribution generated by the model occurs a s  two inversely 
related head zones of positive and negative head excursions. The results interpreted 
from the model indicate that sustained flow velocities of 1x1 O'7 m/s may be 
generated by setup, down to 3 m below the reef surface, below which velocities 
decrease  rapidly. These values are on the sam e order as  som e of the instantaneous 
velocities predicted for oscillatory w aves and are perhaps larger relative to net 
transport by oscillatory w aves. The effect of setup driven flow is limited to the reef 
crest zone and drives flow primarily laterally shelfward to rise under the forereef. 




Conduit flow may also occur through large pores in the reef sediments. Flow 
to the reef surface through large pores w as observed both during drilling and during 
dye tests used to evaluate the seals of wells. In addition, oxide coatings observed in 
cores occasionally followed tortuous conduits of about 0.5 cm diameter. The observed 
pores in the reef surface had diameters on the order of a  cm but of unknown lengths. 
The large pores are apparently formed as  both depositional and bioerosional 
s tru c tu re s .
Poiseuille flow is assumed to calculate the discharge (R: m3/sec) through the 
pipe-like conduits with a radius r :
R = rcr4 Ap 
8 |iL
w here p is the dynamic viscosity {1.4 x1 O'3 kg/m s), Ap is the pressure difference 
betw een the ends of the pore, and L is the length of the pore. The equation should 
probably be modified to account for the tortuosity of the pores, if it was known. This 
flow mechanism has been used as a model for pore flow that controls the distribution 
of cem ents inside corals (Goldsmith and King, 1987). Pressure differentials are 
probably similar to the measured hydraulic gradients in wells of approximately 2 
x10‘2 m head difference over a 1 m vertical depth. The maximum vertical discharge 
per second for a 1 m vertical conduit with a  radius of 0.0025 m can be estimated 
during the passage of a  typical wave. The vertical pressure difference would be 
approximately 302 kg /m s2 (0.03m x 1027kg/m3 x 9.81 m/s2). The discharge 
would be  approximately 3.3 x10'6 m3/sec . The actual volume exchanged within the 
reef micropore system would be limited by the exchange of water at the sides of the 
conduits.
The amount of exchange by this mechanism also depends on the density of pores 
per unit area of the reef. From observations recalled from drilling and during water
1 6 0
sampling, there appeared to be on the order of one hole per square m eter or less. 
Therefore, conduit flow could, and based  on core observations, does, account for an 
important volume of porewater exchange with the open water column, at least in the 
immediate surroundings of large pores.
Summary and Discussion of Modeled Porewater Ftow
This section has evaluated porewater motion due to wave dynamics with the use 
of numerical models. T hese models serve both to simplify and illustrate a  particular 
wave action and also to predict wave behavior in time and space  across a  reef 
structure with varying environm ental conditions.
All the input param eters for the models are very similar. The output values 
have a  moderate range in magnitude. The symmetrical wave simulations produced 
velocity vs depth profiles with exponentially decreasing cumulative specific 
d ischarge (CSD) values (Figure 4.1.9), ranging from about 1x1 O'5 m3/m 2/T near 
the surface to about 2x10"6 m3/m 2/T at 8 m depth. Empirically m easured CSDs had 
larger values, ranging from 0.5 to almost 3x10‘5 m3/m 2/T The WAVE model 
appears to slightly underestimate CSD values. The maximum CSD values calculated 
from the integral model, RDL, at the reef crest, are about half again smaller than the 
values from the WAVE differential equation.
The orbital forms of the empirical results (Chapter 2.1) from the forereef 
are most similar to the simulations of symmetrical waves from the WAVE model. The 
empirical orbitals of the crest and backreef display obvious asymmetrical flow 
produced by the sharp crested wave forms, and are more similar to the simulations of 
asymmetrical balanced waves.
The simulations of waves by WAVE indicate that symmetrical w aves do not 
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Figure 4.1.9 Summary of CSD values from Wave and RDL models, 
compared with estim ates of CSD values from Tague Reef field data.
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either. The results the WAVE model simulation indicated that the asymmetric wave 
had a  little more influence on net porew ater transport than the symmetrical 
isochromatic w aves . No significant net flow is apparent from modeling of tidal or 
infragravity wave motion either.
Temporarily established gradients, from phase  offsets of infragravity waves 
and tides, may induce porewater flow across the reef crest zone. The gradients 
reverse on a  periodic basis, possibly causing  flow to oscillate in a  predominantly 
lateral orientation. The porewater velocities generated  by a  model of this mechanism 
appear to be about an order of magnitude less than the empirical instantaneous wave 
velocities.
The integral model of Reidl et al (1972) allows the prediction of gross 
transport into the seabed  calculated acro ss  the reef a s  a  function of wave amplitude, 
water depth and seabed  permeability. The model results are similar to the WAVE 
numerical methods but appears to estim ate lower flow volumes.
Mechanical dispersion is a possible alternative mechanism to induce net 
transport. It is suggested  that the dispersive mixing would exponentially decrease 
with depth, and that even if porewater mixing actively ventilated the shallow portion 
of the reef, the porewater would be largely motionless below a few meters deep. The 
'equivalent velocity' of mixing transport m ust be  20% or more of the cumulative 
specific discharge values, in order to g en era te  hypothetical turnover rates of 
approximately 1 to 10 days in the upper portion of the reef. This value appears to be 
too large to be realistic, and suggests that either som e of the calculations or 
assum ptions may be  incorrect, or that transport is a  combination of more than one 
process.
Other p rocesses that may drive porew ater flow were observed or inferred to 
occur on Tague Reef. Wave setup may generate  sustained local gradients in the 
shallow portion of the reef crest. This m echanism  may produce unidirectional flow
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velocities of a  magnitude similar to instantaneous wave induced velocities. Tides and 
infragravity w aves may also drive porewater flow, due to the gradients they impose 
across the crest of Tague Reef. The velocities they generate are approximately an 
order of magnitude less than instantaneous wave driven velocities, and tend to be 
laterally oriented. Conduit flow through burrows and borings may locally transport 
significant volumes of water into the reef.
CHAPTER FIVE: DISCUSSION AND CONCLUSIONS
The diagenetic features found in the cores and handsam ples recovered from the 
reef were examined to evaluate the hypotheses that oceanographic forces on the reef 
surface are a major control on the distribution of early marine carbonate cements. 
Controls have been attributed to the influence of wave forces on the pattern and 
m agnitude of porewater flow. If the amount of early marine carbonate cementation is 
strictly a function of the magnitude of porew ater flow, then the zones of highest 
porew ater forcing should also be the sites of greatest cementation. Thus, the lateral 
trends across the reef of cement types and  densities should vary with the effective 
strength of waves to drive porewater flow.
Cements do not precipitate ubiquitously in reefs, and when they do occur, 
their distribution is usually uneven. This su ggests  that the volume of porewater 
exchange alone is insufficient to explain the distribution of marine cem ents in a  reef. 
For example, there may be physical heterogeneities on a  scale that are yet to be fully 
described (Goldsmith and King, 1987) or other chemically related processes may be 
influencing the system. An analysis of geochem ical environments indicates that there 
may be  som e biologically-related chemical controls on cementation (Sansone, 1986, 
T ribble , 1990).
The thermodynamic saturation values of aragonite and/or Mg-calcite in the 
reef porew ater were examined to evaluate biological activity as an additional control 
on cementation patterns. Aragonite saturation values are observed to be high enough 
in the shallow reef to potentially precipitate carbonate cem ents very early. 
Conversely, the observation that biological respiration decreases saturation values 
d eep e r in the reef may diminish the continued precipitation of cem ents at depth. 
Further, the suggestion (Pigott and Land, 1986) that sulfate reduction may lead to
1 6 4
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carbonate precipitation were tested by looking for cementation in the anoxic zone, 
which may be indicated by cements exhibiting cathodoluminescence. Therefore, the 
vertical and lateral distribution of cement types and volumes will be important to the 
evaluation of the diagenetic response of reef sediments to physical and geochemical 
conditions.
Occurrence of Carbonate Cements 
The overall influence of physical and geochemical processes on reef diagenesis 
is manifested by the following carbonate cementation features:
1. Cements of nearly all types occur near the reef surface. This implies that 
cementation can occur early, essentially penecontemporaneous with sedimentation, 
and is associated with an immediate connection to porewater exchange with the 
overlying seaw ater column.
2. Intergranuiar cem ent abundance is greatest in the forereef and reef crest 
sediments. This form of cementation correlates with the zone of greatest estimated 
porewater flux.
3. The cement volume does not increase with depth. This suggests that the potential 
for cementation is essentially decreased with depth, as  inferred from the trends in 
porewater aragonite saturation values.
4. The common cem ent types are nonluminescent. This supports the inference that 
most cementation occurs in the oxic zone.
5. There are no clear vertical trends in cement types, with the exception of 
luminescent phases, although large nonsystematic variations are common. This 
indicates that the anoxic zone, where active sulfate reduction occurs, produces no 
widespread enhancem ent of cementation or induces alternative cement types to 
precipitate in the general porewater environment.
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6. Luminescent cement phases, although minor voiumetrically, are present deeper in 
the reef. The presence of these cem ents suggests that microenvironmental effects in 
the anoxic zone may induce minor cementation later in the reef history.
7. The dominance of intergranular Mg-calcite bladed crusts, micritic and peloidal 
cem ents and internal sedim ents in the highest energy zones may reflect kinetic 
controls on carbonate precipitation. It indicates that a potentially rapid precipitation 
rate may encourage many small crystals to nucleate and form quickly because of an 
abundant supply of "fresh", supersaturated seawater.
Diagenetic sequence: The inferred sequence of diagenesis starts very early 
with aragonite needle and botryoidai cem ents forming in some coral heads perhaps 
while they were still living, as these cem ents have ben observed in coral heads taken 
from living colonies. Sponge or other organisms begin boring corals very early as 
well, frequently at the b ase  of living colonies, or on dead arms of Acropora palmata. 
Sponge boring accounts for large accumulations of silt-sized "chips" a s  the earliest 
internal sediment, often intermixed with a dark micritic cement. The majority of 
other cement types may also form relatively early. Fully developed aragonitic needle 
and botryoidai cements, Mg-calcite bladed, isopachous crusts and peloidal cements 
were observed from surface sam ples removed from the top 20 cm of the reef. These 
cem ents are therefore nearly contemporaneous with the death of corals and their 
incorporation into the reef pavement.
Cementation in the open pore system also begins early. Sediments within a few 
10s of cm of the reef surface are cem ented with intergranular cements in the forereef 
and reef crest. Abundant micritic cem ents and internal sediments also occur in the 
sam e deposits.
Based on the stratigraphic occurrence and the associated sulfide deposits, the 
luminescent behavior revealed in som e cements found deeper in the reef sediments is
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apparently the result of being precipitated in the anoxic zone. In this zone, reduced 
Fe and  Mn were apparently available in solution and  substituted into the calcite 
lattice. The cem ents probably precipitated slowly because  of the low porewater 
saturation s ta tes  in the anoxic zone. However, sulfate reduction in isolated 
m icroenvironments may have increased alkalinities enough to improve the saturation 
s ta te  of porewaters and enhance cem ent precipitation.
Luminescent cements were probably precipitated much later than the other 
cem ents found at that depth. The luminescent cem ents occur at 1 to 2 m depth, which 
indicates they may have precipitated several hundred to a  thousand years after the 
deposition of the sedim ents . This estim ate is b a sed  on probable reef accretion rates 
of about 1 to 2 m per thousand years (Burke et al, 1989, Hubbard et al, 1990).
Conclusions
The above observations support the hypothesis that, in general, physical 
p ro cesses  control the distribution of carbonate cem ents. Cement abundance here, as 
in o ther reefs, seem s to be associated with shallow, advectively dominated settings 
(Buddem eier and Oberdorfer, 1988). The m ost important physical process for 
transporting porew ater in Tague Reef is believed to be wave forcing, apparently 
dominantly by vertical, dispersive mixing. An important attribute of this manner of 
transport is that the intensity of the wave forces on the reef surface can be predicted, 
hence the magnitude of porewater exchange, and therefore the zone of maximum 
cem entation may also be predicted. Other physical p rocesses, including wave setup, 
tidal and  infragravity generated gradients, and  conduit flow also contribute to 
porew ater transport. However, other biological and  chemical p ro cesses  may also 
indirectly control the distribution of cem ents, inhibiting their occurrence under 
certain  circum stances.
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The results of this study have emphasized the importance of specific 
processes, especially saturation state on the abundance and type of cements.
Substrate control may also be important in determining the abundance of aragonitic 
cements in corals skeletons, but not exclusively so. Biological influences have been 
important in limiting cementation deeper in the reef but were not demonstrated to 
specifically facilitate cementation.
Comparison with Other Reefs 
It is interesting to consider why some reefs are characterized by relatively 
little cementation, including Tague Reef, as compared to other reefs (while some have 
considerably less). If we presume that physical processes control porewater flow and 
hence cementation, a comparison may be made between the environmental factors of 
different reef sites. Oceanic forces are clearly important, including the level of wave 
energy and the tidal regime, both of which may change dramatically from reef to reef. 
Cementation has been described to be significant in higher wave energy settings such 
as the windward edge of the shelf of Belize (James and Ginsburg, 1976), and in the 
reefs of the Great Barrier Reef system in Australia (Marshall and Davies, 1981, 
Marshall, 1983, 1988). Algal reefs which appear to grow in even higher wave 
energy regimes also display considerable cementation in Bermuda (Ginsburg et al, 
1967) and Brazil (Jindrich, 1983). The reefs in Panam a (MacIntyre and Glynn, 
1976, MacIntyre, 1977) are also described as having enhanced cementation in zones 
exposed to higher wave forces. Reefs with larger tidal range regimes may also have 
enhanced cementation (Buddemeier and Oberdorfer, 1986, 1988) in places such as 
the Great Barrier Reef in Australia or perhaps some of the Pacific Atolls. However, 
until more quantitative measures of wave energy and other forces are considered, it
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will be difficult to truly relate the occurrence of modern marine cem ents to the local 
physical processes.
Inherent in this comparison are  feedback factors related to the physical 
setting. The wave and  tidal regimes and perhaps storm patterns influence the reef 
growth patterns (Adey and Burke, 1976, 1977, MacIntyre, 1977, Hubbard, 1989).
These local oceanographic conditions control the accretion rate of reef surfaces in 
areas exposed to porewater driving forces. These conditions were considered by 
MacIntyre (1977) and Marshall (1983) in discussions of cementation in reefs in 
Panam a and Australia. They observed that a high energy, forereef pavem ent zone, and 
zones of low accretion rates were the dominant sites of cementation. Stable sea  levels 
with higher wave energy lead to reefs composed largely of detrital buildups behind 
coral growth zone, a s  are  commonly observed in the Great Barrier Reef system .
Buddemeier and Oberdorfer (1986) investigated porewater flow in such a  reef, in a  
highly permeable reef crest rubble zone capped by a reef pavement. They found 
considerable advective flow of porewater, although oddly enough, the deeper reef 
sediments were apparently not well cemented. A reef in Hawaii, located in a  lower 
energy setting, was characterized by a  minimum of cementation and exhibited 
apparent carbonate dissolution in the reef core (Tribble, 1990, Tribble et al,
1990). Apparently, conditions of high advective flow may not automatically result in 
large volumes of cem entation, if accretion rates are also high or other geochem ical 
factors, such as low pH conditions, inhibit cem ent precipitation.
Other processes may enhance porewater flow but have not yet been  thoroughly 
investigated. Groundwater system s operate on a  large range of scales and may 
influence porewater flow in reefs, even when not discharging directly through them.
Land and others (1990) discovered a  extremely dynamic flow system in a  fringing 
reef in Jamaica. The system  is located near freshwater springs discharging into the
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ocean. Vet the cem ents they have discovered, including abundant, thick Mg-cabte 
crusts and dolomite, show no freshwater influence. Oceanographic conditions do not 
appear to be able to create such strong gradients as  they have observed. Therefore it 
appears that the dynamics of the groundwater flow system may be influencing tre reef 
porewater flow without direct contact of the porewaters.
Overall Summary and Suggestions for Further Work
Hydrogeology. Wave pressures were m easured across Tague Reef in order to 
determine the forces that affect porewater flow within the reef sediment. Wave 
amplitudes ranged from 0.5 m on forereef to about 0.1 m on backreef after breaking 
over the reef crest zone. The attenuation of wave heights was determined from 
spectrum analysis to be about 75 % across the reef crest. The waveforms were 
nearly a  sinusoidal form on the forereef and backreef, changing to asymmetries, at 
the reef crest while breaking. The reef form appears to controls the distribution of 
wave forcing potential for porewater flow, which appears greatest in shallow forereef 
and reef crest.
Porewater flow parameters were m easured in situ to document the response to 
external forcing. Hydraulic conductivity values were on the order of 1x1 O'4 m/s 
with a  relatively homogeneous distribution. The wave pressure signals, convened to 
hydraulic head, were attenuated about 10% over a  vertical meter distance in the 
shallow portion of the reef. The decrease is consistent with an exponential deefne 
predicted by linear wave theory, and dem onstrates that the reef framework does not 
alter the transmission of the form or magnitude of the wave signal. Vertical head 
differences between the wave signals in two wells were typically 2 to 10 cm ov=r a 1 
m distance. The instantaneous specific discharge calculated from the field data mas on 
the order of 1x10‘6 m3/m2/sec. Wave driven porewater particle motion in fte
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forereef is nearly circular, indicating the generating fo rces w ere symmetrical and 
sinusoidal. W ave orbitals in the reef crest and backreef were asymmetrical. The 
wave orbital forms and and the m ean values for head differences over several 20 
minute sam ple records indicated that porewater transport w as dominantly oscillatory 
with no indication of net motion.
Hydrogeological modeling suggested that waves may produce net flow into the 
reef by mechanical dispersion. O ther forces may contribute to the overall porewater 
exchange, including tidal and other long period waves, w ave generated  setup and 
conduit flow. More careful observations of reef forces a re  required, looking at 
absolute water level variations on the reef surface and m ore detailed and extended 
analyses of porew ater responses in one location. In addition, experimental 
observations are needed  to develop a  quantitative method for predicting the magnitude 
of m echanical mixing.
Geochemistry. Chemical variations of the porew ater appeared  to be similar to 
observations in o ther reef related settings. Carbonate mineral saturation values were 
high near the reef surface. Surface porewaters were well oxygenated, decreasing to 
anoxic conditions below a few m eters depth. Biological respiration led to 
undersaturated values of carbonate minerals in the anoxic zone. Further evaluation of 
thermodynamic conditions in microenvironments is important, especially where 
organic matter present, such a s  within coralline algae. Field work needs to be done to 
verify and continue the investigation by Tribble (1990) on the  respiration rates of 
aerobic and  anaerobic infaunal reef communities.
Petrographic aspects. Early marine carbonate cem entation w as more common 
in Tague Reef than other studies may have suggested (Burke, et al 1989). Some of the 
variation may have been  contributed by better core recovery in this study. However, 
variation of sedim ent com ponents and diagenetic features betw een different locations
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on the reef needs further investigation. More closely spaced coring is needed to 
establish a more reliable pattern of sedimentary and diagenetic trends in the reef 
crest and forereef. Also, a  quantitative measure of cementation densities is needed to 
facilitate comparison among the reefs that have been studied. Some additional deeper 
drilling in reefs would be useful to sam ple the deep  anoxic zone and further evaluate 
the age and composition of cathodotuminescent cements. It is apparent that early 
marine diagenesis is influenced not only by oceanographic and geochemical factors, 
but also by local reef sedimentary conditions, including accretion rates.
The results of the identification and interpretation of oxide and sulfide coatings 
are potentially useful tools for identifying past and present porewater geochemical 
environments and assessing the stability of these environments over time. These 
coatings have been observed unsystematically in the past, but may contribute to the 
understanding of diagenesis in present and former reefs, if they are preserved.
Cathodoluminescent cem ents were observed, apparently precipitated in the 
anoxic zone. These cem ents were associated with coralline algae, possibly containing 
zones of higher organic matter content. It would be very useful to relate the timing of 
such cements with the occurrence of the redox coatings, and with the more common 
cem ent forms precipitated in the oxic zone.
Direct comparisons with submarine and subaerial dead and ancient reefs must 
continue to verify the inferences of the diagenetic effects of reef physical and 
geochemical processes. The final cementation pattern preserved in the rock record 
will be derived from a combination of oceanographic conditions, porewater chemistry 
and sedimentary depositional patterns.
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APPENDIX A: HYDROLOGICAL PROCEDURES
Hydraulic Conductivity
Field tests were m ade to m easure  the hydraulic conductivity of the sedim ents 
surrounding the wells installed at the reef sites. These tests consisted of numerous 
bail te sts  at several sites and  one pump test.
Well Design. The well design consists of 5 cm (two-inch) inner diam eter PVC 
pipes inserted in the boreholes from which cores were taken. The drilled diam eter of 
the holes was about 7.5cm (three inches). The bottom of the pipe was left open in 
case  the pipe needed to be jetted into the hole. After installation of the well a  piece of 
plastic window screening m esh w as installed at the bottom opening with an interior 
PVC collar. Slots were saw n into the sides of the pipes to provide additional openings. 
After the wells were placed in the holes, the annulus around the screen w as back filled 
with coarse  sand and the remaining annulus w as filled to near the top with finer sand. 
The very top of the holes w ere sealed  at the reef pavement surface with a plastic bag 
containing wet concrete that w as pierced around the pipe's outer surace to bond the 
pipe to the reef.
The integrity of the seal w as checked in several locations with an injection of 
fluorescene dye. Where the wells w ere installed in a solid pavement the sea ls  were 
tight. In looser sediment the seals showed some leakage, especially w here burrowing 
organism s took shelter under the concrete lip, but leakage was observed through 
burrows in the surface sedim ent surrounding the wells, demonstrating the high 
connectivity of the subsurface sedim ents with the water column.
Bail Tests: The wells in Tague Reef were bailed with a  manual boat bilge pump 
until the well w as dry to the level of the hose intake or the bottom of the well, 
whichever was less. The hose w as then quickly withdrawn and the water level read 
from a  m eter stick affixed to a  float inserted into the well. Water levels w ere
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m easured at five second intervals. The welis typically refilled within about 30 
seconds.
Freeze and Cherry (1979) describe a  method developed by Hvorslev to 
interpret bail tests  by considering the inflow rate to be proportional to the hydraulic 
conductivity (K) of the sediment, the shape of the well intake (F) and the unrecovered 
head difference (H-h) at any particular time (t) w here (r) is the internal diam eter 
of the well (FIGURE A.1). The aquifer is assum ed to be homogeneous, isotropic, 
incompressible and laterally infinite. Drawdown is assum ed to be insignificant as  it 
certainly would be in this case . The recovery of the well plotted against time should 
then show an exponential decline in recovery rate which would be a  theoretically 
straight line when it is plotted on semilog paper. T0 is read from the graph according 
to Hvorslev and K is calculated by:
K = r2 ln(L/R) / 2LT0 
This is for a  shape  factor of F = 2 7t L / ln(L/R) where (r) is the interior radius of 
the well, R is the radius of the drilled annulus, L is the length of the screened  section 
and is valid for L/R > 8.
As an additional check of the validity of the K values, the method of Bouwer and 
Rice (1976) was used which is an electrical analog method to interpret bail test 
recovery data. They use the assumptions a s  in Hvorslev but also assum e that flow 
from above the aquifer is insignificant, which would be ambiguous in this case .
Pump Test. A pump test was conducted on the wells in Site Two of the backreef 
to com pare with the bail test results. Well TB7 w as pum ped while well TB4 was 
monitored for a drop in the water level. The pumping w as conducted with a  discharge 
rate m easured at approximately 10 gallons per minute (6.3 x 1 0 '4 m3/sec) and 
m easurem ents of water level recorded at 10 second intervals. Due to the extremey 
rapid response of the porewater pressure, this method includes the response of the 
monitor well to the declining head in the pumping well before the pumped well
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elevation reached equilibrium with the pumping rate. The value for specific storage 
should therefore be taken as a maximum. During the test, the water level dropped 
steadily for about 40 seconds and then varied a few centimeters about a mean value. 
Interpretation of the pump test follows from Freeze and Cherry(1979) using the 
curve matching technique derived from the Theis method. The results of this analysis 
estim ates a Transmissivity (K) 4.8 x 10 '^  m3/s and a Storativity of 7.8 x 10 '3 .
Water Pressure Measurement Instrumentation
Tide gauge: S ea  Data Corp. Model 636-6
This gauge recorded total pressure (atmosphere and water) plus internal 
temperature in digital format on magnetic tape at 32 points per hour. The accuracy 
is ±0.15 % up to 3.1026 bars (45 psi). The precision is ± 0.015 % of the pressure 
range which means this gauge can detect changes of 3.2 mm of water level.
Wave gauges: Omega Corp. absolute pressure gauges
These gauges have a  range of 0-2 bars (0-30 psi) with an error of 1% over 
the pressure range. The response to pressure impacts was highly linear and 
calibrated precisely in the lab. The gauges were modified by internal gain circuits to 
read 0 to 15 psi for porewater pressure response measurements. This allowed the 
precision to be refined to about 4 mm.
APPENDIX B: CORE DESCRIPTIONS
LEGEND:
Recovery. Log
^  Full d i a m e te r  core sect ion ,  consecut ive ly  numbered
Q0  Rubble and f ra gm en ts  of cores  
Dtvision be tw een  cored In tervalsCore 2
Llthology
Sketch of appearance of core
Composition
Frame: Coral Framework,  by Genus
Acropora 
/ © )  Diploria 
/ § )  Montastrea 
Millipora
'
Por i t e s
Encrust: Encrust ing biota  - type l i s t ed  in Organisms
Q  Bioerode; Btoerosion -  type l i s t ed  in Organisms
I~1 5ed; Sediments ,  cemented  or loose,  general  t ex tu re  in 
Grain Size Column
□  Void: Natural  void space  (not broken core)
D i a a e n e s l s
Cements:  megascopic  cemented  sed im en ts  or  void in f i l l s  
Int Sed : Internal  cemented sed iment  
m  Ip: in te rpa r t i c le ,  grain binding cement
Coatings:
bl: Black, manganese oxides
rs t ;  Rust colored,  iron oxides  




Apalm: Acropora pa lmata  
Dip: Dlplorla spp.
Mill: Mil lipora spp.
Mann: Montas trea  annular is  
Por: Po r l t e s  spp.
Encrust:  Encrust ing organisms 
al: Corall ine algae
rb: Homotrema rubrum (encrusting ro ram in i fe ra )
Barn: Barnacle
Bryo: Bryozoan
worm: Polychea te  tube builders
Blorode: Bloeroders
cl: Clionid sponges
worm: Boring polycheate  worms 
L: Large boring pelecypod (Litnophaga?)
1: Small  pelecypod?
Grain Size
Mud: Micr l t lc  or mud s ized  pa r t ic le s  in m a t r ix  
Sd: Sand s iz ed  m at r ix  or major  component
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APPENDIX C: NUMERICAL MODELS
MODFLOW Model
Description of the model: MODFLOW is a modular three-dimensional finite- 
difference groundwater flow model developed by the USGS (McDonald and Harbaugh, 
1988). The numerical model is used to construct practical applications of the 
groundwater flow equation. For the application of this model to a reef setting, only 
two dimensions are used in one layer with rows and columns. This report refers to 
cell directions with the convention: center, north, south, east and west (c,n,s,e,w). 
This application of the model used the block centered grid system with rows designated 
the vertical direction and columns the horizontal. The General-Head Boundary 
package was used to assign head values to the top boundary to simulate wave forces.
The basic construction of the wave simulation model was to establish a  two 
dimensional grid of rows and columns and simulate a wave passing over the tops of the 
columns by arbitrarily inputing a moving wave form head boundary in several steps 
over a wave period. Each step is termed one stress period. The output of the model 
was a head distribution array with values at each of the nodes for each stress period. 
Porewater velocity could then be calculated with Darcy's Law between nodes of 
in terest.
Grid: A rectangular grid was established with 40 columns across the top and 
44 rows on the vertical axis. The top 10 rows were 0.1 meter thick, the next 30 
rows were 0.2 m thick and the last four rows were 0.5 m thick. The difference in 
thicknesses were used to lend more detail to flow results in the upper portion of the 
simulation grid. The column width was varied in three different simulation grid 
types from (1) one meter to (2) one half three meters and the second half one and a 
half meters and to (3) five meters wide to simulated the changes in wavelength. The 
two sides of the grid had active head cells so that water could flow relatively freely in
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and out of the simulation grid. The bottom of the grid was a constant zero head 
boundary for most of the simulations because the Pre-Holocene b a se  of the reef was 
considered essentially impermeable. One simulation was also run with the base  as an 
open flow boundary.
Wave form simulation: Wavelengths and velocities were controlled by the 
column width and stress period length. The wave forms were varied to observe the 
effects of (1) symmetrical, (2) asymmetric and (3) an unbalanced wave of 
translation using the following forms. (1) A series of simulations (MOD:J, MOD:LE, 
MOD:L2 and others) using a  symmetrical wave profile (t)) was calculated for a 
sinusoidal wave of ten seconds in ten steps, usually with an amplitude (a) of 25 m 
where (k) is the wave number and (cr) is the wave radian frequency. 
t| = a(cos kx + ot)
The process was to first calculate the horizontal and vertical flow velocities. The grid 
location conventions used relative to the selected node are e=east, w=west, s=south 
and n=north and column width is dr and row width is dc: 
qx = -K (he - hw ) / 2 ( dr) 
and:
qz = -K (hs - hn ) /  2 ( dc)
For this grid system , the x axis is positive to the right and the z axis is negative 
downward. The resultant of the two flow vectors was then found and  the angle from 
the horizontal calculated. The horizontal and vertical flow vectors w ere then summed 
for net transport in either direction. The resultants were summed for overall net 
transport. These calculations were done with a spreadsheet program on a  personal 
computer.
Sustained gradients. Sustained gradients were also modelled using a slightly 
different , more realistic grid. The application of the model was also  more
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conventional, using the same subprograms as the wave model but with only one stress 
period.
Grid: The grid used for these simulations resembles a reef form by having a 
sloping front and a width approximating the width of Tague reef. The row dimensions 
were simplified to each being one half meter. The column widths were three meters 
in the fore reef simulating portion and 1.5 meters in the back reef to allow a change 
in wavelengths of shorter period waves without changing the general head boundary 
input. Only tides and wave setup were simulated with this grid, however. The 
boundaries were the same as with the other grid with open flow boundaries on the 
sides and constant head, no-flow boundary at the base. A the top column boundary was 
used to simulated sustained gradients with a specified general head boundary.
Tide simulation: Tide effects were simulated by setting up a  general head 
boundary with a two cm range with a low level on one side to a high level on the other 
with a flat, zero head segment in the middle. This simulation was run for a single 
stress period for approximately the time length of a flood or ebb tide when a sea  level 
difference was expected between the fore reef and the lagoon.
Flow calculations: The pattern and velocities of flow caused by tidally driven 
sea  level differences was established by calculating the head gradients at several 
selected points on the grid, and using Darcy's Law.
Setup simulation: Setup effects were simulated by setting up a general head 
boundary of a two cm range with a  low segment approximately where waves would be 
breaking on the reef crest and a  high on the back reef side with a short flat zero head 
segment in the middle. This simulation was run for a single stress period for a day or 
approximately the time length of a  typical stable wave train would be impinging the 
reef and a sea  level difference from wave setup was expected across the reef crest.
2 1 4
Wave Orbital Model: "WA VE“
This numerical model is a differential analysis of porewater flow using the
equations first developed by Putnam (1949) and modified by Reid and Kajiura
(1957). The WAVE model is used to provide high precision analyses of flow at single
selected points and direct correction of wave param eters for changing water depths
and depth into the porous media. WAVE uses Darcy's Law in combination with flow
potentials generated from wave equations to produce vectors of flow sequentially over
a  wave period. It may be used from a Eulerian of Lagrangian reference frame by
either maintaining the axes origin fixed or allowing it to move with a water particle.
The wave generated pressure variation (dp) equation in the porous medium is : 
dp = pq <xe ky cos (kx - at) 
cosh(kh)
where p is water density, g is the acceleration of gravity, kh is the product of the
wave number and the water depth from the surface (Reid and Kajiura, 1957). This
equation predicts that the pressure variation of a  wave signal decreases exponentially
with water depth with a separate factor for depth to the porous medium. The
horizontal velocity component (u) in the porous medium is 
u = mod fd p /d x l 
ap
where the permeability modulus (mod) is a function of the intrinsic permeability
(k) and the kinematic viscosity (v = nu): 
mod = k  ct 
v
This equation predicts that the wave driven porewater flow velocities also decrease 
exponentially with depth. The final form of the horizontal velocity equation in the 
porous medium reduces to:
2 1 5
u = (K2Zv)k p g qg ky cos (kx - at )  
op c o s h ( k h )
and that reduces to:
u = Kg ak g  ky cos (kx - a t)  
v c o sh (k h )
The vertical velocity com ponent (v) is: 
v = m od (d p /d v )  
ap
Methods: The flow calculations begin with the origin of the x and y axes fixed 
for Eulerian analysis or movable for a  Lagrangian analysis, and flow calculated 
sequentially over a wave period at a  selected water depth and depth into the simulated 
reef. The procedure is to calculate the horizontal hydraulic gradient (corrected for 
water depth) betw een points equidistant eas t and west of center ( a function of cos(k 
x - ct t)):
dp = pgake  kyf cos(k(x + dx)- at) - cos(k(x - dx) - a t ) }  
dx c o s h ( k h )
and the vertical gradient at points north and south(a function of the eky): 
dp. = Pg ctk [e  kfy + dy) - g k<y - dy) } cos (kx- at)  
dy c o s h ( k h )
In both equations, the gradients are calculated a  constant distance (dx) on either side 
of a  chosen point, usually 0.01 meters for these simulations. The vertical and 
horizontal pore velocities or specific discharges are then calculated with Darcy’s Law. 
The flow vector is calculated a s  the resultant and direction of the horizontal and 
vertical flow. The w ave form is moved one time step (1/100 of a  ten second wave 
period) and the calculations a re  performed again. Flow is added up over the time 
steps for total wave orbital d istance travelled and the final location of 100th time 
step  minus origin equals net displacement.
For analysis of motion in the Lagrangian reference frame, the porew ater 
velocities are again calculated for a  water particle at discrete time steps. The
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d isp lacem en t of th e  particle is c a lc u la te d  by m ultiplying the velocity  by the tim e s te p  
interval for e a ch  tim e step . The d isp la c e m e n t is a d d e d  to the  original point of origin 
a n d  the  next iteration is carried out a n d  so  on for th e  w hole w ave period. The w ave 
orbital pa th  length  is the sum m ation of the  d isp la c em e n t v ec to rs  an d  the net 
d isp lacem en t is the offset of the final location of th e  origin relative to the beginning 
p o in t.
For th e  p u rp o se  of m odeling a n  asym m etrica l w ave, a  syn thetic  profile w ave
with a  s te e p  front w as  determ ined . A recom bina tion  of sinuso idal w aves with a five
se c o n d  w ave having an  offset of o n e  se c o n d  g av e  a  visual b e s t fit of the s teep  front
b reak in g  w ave profile:
T](T=5sec) = acos(kx - a (t+ l))5  
•q(T=10sec) = acos(kx - at)io
T t(asym m ) = {acos(kx - a t ) } iO + {«cos(kx - a ( t+ l) ) )5  
T h e  am p litudes (alpha) w ere taken  directly  from  th e  sp ec tra l ana ly sis  and  their 
ab so lu te  v a lu es  balanced  above and below  a  m ean  va lue . This m odel u sed  the 
L agrang ian  re fe ren ce  fram e. The m odel ca rried  o u t the w ave orbital calculations by 
evaluating  the  five an d  ten second  w a v e s  se p a ra te ly  but sim ultaneousely , adding the  
o ffse t of d isp lacem en t into both profiles a s  the  w a v e s  p ro g re ssed . An IBM m ainfram e 
w a s  u se d  to run the  m odel program  in double  p rec ision  form at to  minimize rounding 
e r r o r s .
WAVE code: A program to calculate wave driven orbital velocities in a porous medium 
using a numerical solution to Reid and Kajuira's (1957) equation for flow.
PA RA M ETERS:
LEN:WAVE LEGNTH 
TPER:WAVE PERIOD 













G: GRAVITY CONSTANT 
Y:DEPTH INTO POROUS MEDIUM 
X:HORIZONTAL POSITION 
YF:FINAL DEPTH INTO POROUS MEDIUM 
XF:FINAL HORIZONTAL POSITION 
TIMErTIME IN SECONDS 
NU:K!NEMATIC VISCOSITY 
KPERM:INTRINSIC PERMEABILITY 
WVDKN:WAVE DECAY NORTH 
WVDKC:WAVE DECAY CENTER 
WVDKS:WAVE DECAY SOUTH 
ETAW:WAVE PROFILE WEST 
ETAC:WAVE PROFILE CENTER 
ETAE:WAVE PROFILE EAST 
DPX:DIFFERENTIAL PRESSURE HORIZONTAL 
DPY:DIFFERENTIAL PRESSURE VERTICAL 
DH:HEAD VARIATION AT DEPTH 
U-.HORIZON ATAL VELOCITY 
V:VERTICAL VELOCITY
RES:CUMULATIVE ABSOLUTE RESULTANT VELOCITY 
USUM:CUMULATIVE ABSOLUTE HORIZONTAL VELOCITY 









*DPX(1 00),D PY (100),U (100),D H (100),R ES,

























S e t  t im e  a n d  loca t ions :
lim e(i) = (i* .1 )











S e t  f inal p a ra m e te r s








C a lc u la te  ho rizon ta l  a n d  vertical p r e s s u r e  g r a d i e n ts  a b o u t  th e  c e n te r  point
DPX(l)=(ROGA*K*WVDKC(l)*ETAE(l)/COSI)-ROGA*WVDKC(l)*ETAW(l)/COSI)
DPY(l)=(ROGA*K*WVDKS(I)*ETAC(l)/COSI)-(ROGA'WVDKN(l)*ETAC(l)/COSI)
C a lc u la te  hydrau lic  h e a d  va ria t ions  for c o m p a r i s o n  with o th e r  m o d e ls  
DH(l)=AMP*WVDKC(l)*ETAC(l)/COSI
C a lc u la te  horizon ta l  a n d  vertica l ve loc ities  in th e  p o r o u s  m edium :
U(I)=(-MOD/(SIG*RHO))*DPX(I)/0.02
V(I)=(-MOD/(SIG*RHO))*DPY(I)/0.02
C a lc u la te  c u m u la tiv e  r e s u l ta n t  d i sp la c e m e n t  (w ave  o rb ita l  pa th  leng th s)  
RES=RES+(DSQRT(U{I)**2+V(I)**2)*.1)
C a lc u la te  Indiv idual d i s p l a c e m e n ts
SX(I)=U(I)*.1
SY(I)=V(I)*.1
Net flow  fo r  Eulerian  re fe rn c e  frame (op tiona l) :
XF=SF+U(I)*.1
YF=YF+V(I)M



























WRITE(6,102) AMP.ROGA, KWV.SIG.MOD 
WRITE(6,103) CKH.SKH.MSKH.COSI 
WRITE(6,205) (TIM EtJJ.LK JJ.V tJM ^.lO O )
WRITE{6,206) RES 










88FORMAT(1 X,’X=’,D1 0 .5 ,’Y=’,D10.5) 
100FORMAT(1XI,RHO=’,D 10 .513X1'KOND=',D10.5,3X1,G=,.D10.5.*3X,’NU=,,D10.5,3X, 
,KPERM=',D10.5)
101 FORMAT(1 X.'DEP=,,D10.5,3X,,CEL=*,D10.S.SX.'TPER^’.DI 0 .5 .3X .’LEN'=,D1 0.5)
102FORMAT(1 X,,AMP=,,D10.5,3X,'ROGA=,,D1O.S.SX.’KWVs’.DI 0.5,*3X,,SIG=',D10.5.3X, 
*M OD=’,D10.5)
103FORMAT(1 X ,'C K H =\D 10.513X,'SKH=',D10.5,3X,*'MSKH=,1D10.5 ,3X ,'CO SI=’,D1 0.5) 
205FORMAT(1 X,’T=’,D 10.5 ,3X ,'U =,1D15.5,3X1,V=‘,D15.5)
206FORMAT(1 X,’R ES=\D 30.20)
210FORMAT(1X,,X=,,D 30.20 ,3X ,’Y=\D30.20)
212FORMAT(1X.’DH=’,D15.5)
220FORMAT(1X,'XF='1D 3 0 .2 0 13X,*YF=\D30.20)
230FORMAT(1 X,,USUM=',D30.20,3X1'VSUM=’,D30.20)
110FORMAT(1 X,'WVDKN=,,D10.S.SX.’WVDKC^.DI 0.5,3X” WVDKS=',D10.5)
115FORMAT(1 X,’ETAW=,,D15.5,3X’ETAC=’(D1 5.5,3X,*’ETAE=’,D1 5.5)
END
VITA
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